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 Abstract 
ANALYTICAL AND COMPUTATIONAL STUDIES OF GASEOUS AND DUSTY 
COMBUSTION: FROM THE IMPACTS OF LOCAL FLAME SPEED VARIATIONS TO 
A GLOBAL PREDICTIVE MINING FIRE SCENARIO 
Sinan DEMIR 
Accidental fires and explosions in gaseous environments with dust impurities constitute a tremendous 
hazard for dwelling and office buildings as well as for industries dealing with explosive materials such as 
flammable gasses and combustible dust. Among these industries, coal mining traditionally exhibits one of 
the highest occupational fatality and injury rates, often due to methane/air/coal-dust catastrophes claiming 
many lives every year world wide. There is therefore a critical need to reduce the risk of such accidents, 
or at least to mitigate their disastrous consequences. For this sake, the analytical and computational 
studies of the present Dissertation reveal the mechanism of flame evolution and acceleration in a coal 
mine combustion accident, thereby commanding both the practical relevance mentioned above as well as 
the fundamental interests. First, the key stages and characteristics of premixed flame front evolution – 
including the flame shapes, propagation speeds, acceleration rates and run-up distances – are scrutinized 
in two-dimensional planar and cylindrical geometries. Starting with gaseous combustion, the analysis is 
subsequently extended to gaseous-dusty environments, and the impacts of the size and concentration of 
the dust particles are quantified. Second, the effect of gas compressibility is incorporated into the theory 
of a methane/air/coal-dust fire in a mining passage. It is shown that gas compression moderates flame 
acceleration, and its impact depends on the type of the fuel, its various thermal-chemical parameters as 
well as the geometry of the problem. Third, spatial variations of laminar flame speed  SL  are studied to 
account for the potential impacts of pressure and temperature variations, as well as non-uniform 
distribution of the equivalence ratio and/or of combustible or inert dust impurities. Specifically linear, 
parabolic and hyperbolic  SL -distributions are incorporated into the formulations of “finger” like flame 
acceleration. The conditions promoting or moderating flame acceleration are identified for these 
distributions. Finally, gaseous-dusty premixed combustion in a channel, resembling a methane-air fire 
scenario in a coal mine, is studied by means of computational simulations. The numerical approach 
employs a finite-volume, Navier-Stokes code solving for the reacting flow equations with fully-
compressible hydrodynamics, transport properties, and an Arrhenius chemical kinetics model. The 
combustible dust particles are incorporated into the solver in such a manner that an “effective fluid”, with 
locally-modified dust-induced flow and flame parameters, replaces a real gaseous-dusty environment. 
Specifically, flame acceleration due to wall friction is analyzed for linear, parabolic and cubic coal dust 
concentration spatial distributions. The similarity and differences in the evolutions of the flame 
morphology and velocity in each of these cases, as well as in the case of purely gaseous combustion, are 
identified. It is shown that a non-uniform dust distribution may result in an extra distortion or a local 
stabilization of the flame front, which respectively increases or reduces the total flame surface area, 
thereby promoting or moderating flame acceleration.   
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1	
1. Introduction 
Combustion is one of the oldest known sources of energy; it has been used over millennia for 
different purposes. Heating, cooking, transportation and energy production are the basic human 
activities that have widely employed combustion. Currently, approximately 90% of the world’s 
energy production depends on the combustion processes [1]. It is widely accepted that despite 
the modern revolution in alternative energy sources and their utilization, this trend will continue 
in the foreseeable future because of its convenience, high-energy density, as well as the 
economic and political situation of the world [2].   
While it is a useful tool, combustion can also be catastrophic disaster. For instance, wild land 
and urban fires, as well as explosions in power plants and coal mines are the dark side of the 
usage of combustion that mankind unavoidably faces. In this respect, controlling sudden fires 
and explosions and protecting people from their consequences are equally important as the 
facilitation of combustion processes. Indeed, the dual-sided nature of combustion, its usefulness 
and high risk potential, has made it a hot topic for many researchers. 
Combustion is a chemical reaction that occurs between two reactants, a fuel and an oxidizer 
generally at high temperatures. Common fuels are hydrogen and hydrocarbons, which include 
methane, propane, wood, coal, etc. Typical oxidizers are the environmental air 
(nitrogen+oxygen), pure oxygen, or sometimes fluorine in the rocketry applications. Combustion 
processes are also categorized in terms of the mixing of the fuel and oxidizer before or after the 
ignition. Namely, if the fuel and oxidizer are perfectly mixed before ignition, the burning process 
is called premixed combustion. In contrast, in a nonpremixed system, the fuel and the oxidizer 
remain separated prior to their involvement into the reaction zone. Premixed gaseous combustion 
occurs in engines, gas turbines, appliances and explosions. Here combustion occurs by means of 
the propagation of a front separating the unburned fuel-oxidizer mixture from the fully burned 
combustion products [3]. On the other hand, candles or diesel engines are one of the most 
commonly used applications of non-premixed combustion. This dissertation is limited to 
premixed combustion.  
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Two classes of self-sustained waves of the exothermic chemical reaction spreading through a 
homogeneous combustible premixture can be distinguished as a subsonic deflagration (flame) or 
a supersonic detonation wave. Both the deflagration and detonation appear to be stable attractors 
each being linked to its own base of initial data [3].  
In a detonation, a reaction propagates due to rapid shock and compression waves. In the 
deflagration (flame) mode, a chemical reaction propagates due to thermal conduction and 
diffusion. Figure 1.1 illustrates the characteristic internal structure of a planar flame when a fresh 
fuel mixture is ignited. Here, some distinctive regions are marked with different colors. In the 
unburned region (the fuel-oxidizer mixture), the reaction has not started yet, while in the burnt 
matter region the reaction is already completed. The “flame front” is actually a narrow band 
between them. The hot burnt gas heats the fuel-oxidizer mixture by heat conduction, mainly, in 
the reaction zone, hence initiating the chemical reaction in the neighboring areas. This type of 
combustion shows a remarkable dependence of the reaction rate versus temperature, e.g. a two-
fold increase in the fuel temperature might lead to a 10-12 orders of magnitude increase in the 
reaction rate [4]. 
The main flame parameters are the thermal expansion factor Θ  defined as a fresh to burnt 
gas density ratio u fρ ρΘ =  being about 5 10−  for typical hydrocarbons [5]. By assuming 
isobaric approximation and constant molar weights, it can be also defined as f uT TΘ = . With 
respect to a fuel mixture, a planar premixed flame front, is shown schematically in Fig. 1.1, 
would propagate with an unstretched laminar speed, LS , which is a thermal-chemical parameter. 
Various definitions of flame speed can be found in the literature, and this might sometimes be 
quite bewildering. This question is elucidated quite well in Ref. [6]. Once the flame speed LS  is 
known, the thermal-diffusion flame thickness  
Lf  may be estimated conventionally as 
 
Lf =
ku
CPρ f SL
               (1.1)    
where  ku  is the thermal conduction coefficient and  CP  is the specific heat at constant pressure. 
However, the result (1.1) is a just a characteristic length scale, determined by the transport 
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properties; it may differ from the “real flame thickness” by an order of magnitude or thereabout 
[7]. Typical values of LS  and fL  are ( )2 110 10  m− −−  and  10
−1 −10( )  m/s , respectively.  
However, a planar flame front of seen Fig. 1.1 rarely (if ever) occurs in practical reality. 
Indeed, the majority of industrial and laboratory flames are usually corrugated due to turbulence 
[8–10], acoustics [11–13], shocks [14, 15], combustion instabilities [5, 16], wall friction [17, 18], 
or in-built obstacles [19, 20]. A curved flame front, shown in Figure 1.2, has a larger surface area 
relative to a planar one; therefore, it consumes more fuel mixture per unit time and releases more 
heat, thereby propagating faster than the planar flame front, say, with a certain “wrinkled” flame 
speed  Uw .  
As stated above, a deflagration is initiated by an energy release, such as a spark, while 
detonation is activated by shock waves via localized explosions. Detonations can be generated 
directly if a large amount of energy is rapidly released in the explosive mixture. Yet, it has long 
been known that the initially formed deflagration undergoes acceleration accompanied by a rapid 
change in the velocity of the reaction wave, when it is followed by a transition from a 
deflagration to a detonation mode [3]. Such a deflagration-to-detonation transition (DDT) is a 
fundamental and intriguing combustion problem, and is considered one of the most relevant 
unsolved problems in modern combustion science [21]. The underlined differences between 
deflagration and detonation regimes make the DDT both a useful and potentially catastrophic 
phenomenon, especially in those scenarios where it has not been predicted or controlled such as 
accidental gaseous and dusty explosions in coal mines. However, DDT has a great technological 
potential as observed in propulsion system applications and in technologies such as pulse 
detonation engines. It can also be observed extra terrestrially in the form of supernova 
explosions.   
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(a) 
 (b)	
Figure 1.1: Illustration of premixed flame propagation (a), with the characteristic temperature 
and density distribution inside a planar flame (b). 
 
Figure 1.2: Illustration of corrugated flame structure. 
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1.1 The Darrieus – Landau (DL) Instability 
The theory of hydrodynamic stability of propagating flames was developed by Darrieus [22] 
and Landau [23] and is known as the DL theory. Such instability is driven by gas expansion in 
exothermic reactions.	 A planar flame may experience the DL instability, and as a result 
eventually becomes corrugated (sometimes non-stationary and turbulent). Their analyses, based 
on an infinitely thin flame front, showed that a propagating planar flame in a gaseous mixture is 
intrinsically unstable against any perturbations that bend the flame front. The perturbation is 
assumed to be in the form [5]:   
 
!F x,t( ) = !F x( )exp ωt + ikx( ),          (1.2)  
where  k  is the wave number of the perturbation ( k = 2π λ  and λ  is the wavelength),  x  is the 
coordinate axis along the flame front, ω 	 is the growth rate of the perturbation in time as a 
function of the wave number (
 
ω =ω k( ) ) and ω 	is found as a solution of dispersion relation. By 
considering simple dimensional analysis one would expect the growth rate in the following form: 
( ) LS kω = Γ Θ , where ( )Γ Θ  is the numerical term. For the sake of brevity, all detailed 
derivations will not be presented, but one can find the details of algebraic equations in Ref. [5]. 
Thus, dispersion relation and growth rate is derived respectively for a 2D configuration as:  
	 ( ) ( )2 2 22 1 1 1 0,L LS k S kω ω⎡ ⎤ ⎡ ⎤+ Θ Θ+ −Θ Θ− Θ+ =⎣ ⎦ ⎣ ⎦ 	 	 	 	 (1.3)	
( )
1/211 1 .
1L
S kω
⎡ ⎤Θ ⎛ ⎞= Γ Θ = Θ+ − −⎢ ⎥⎜ ⎟Θ+ Θ⎝ ⎠⎢ ⎥⎣ ⎦
	 	 	 	 	 	 (1.4) 
Simply, Eqs. (1.2)–(1.4) state that without gas expansion there is no instability, and the 
instability mode depends on a thermal expansion degree (the larger Θ , the stronger instability). 
In contrast, varying perturbation wavelengths grow in time at different rates: the larger the 
perturbation wavelength (small  k ), the slower it grows and vice versa.   
As a result, in the DL instability, as illustrated schematically in Fig. 1.3(a), small 
perturbations imposed to a zero thickness flame front (mathematical surface) growing 
exponentially in time, bend the flame front with the magnitude of the growth rate ω 	 and the 
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flame front moves with a local constant speed LS , with respect to fuel mixture, where LS  is 
considered as an external parameter. The DL instability mode is valid if the characteristic length 
scale of the problem, in this case λ , is much larger than the thermal flame thickness (
 
λ ≫ Lf ).  
When the λ 	becomes comparable to fL  in two orders of magnitude, which is the case of 
short wave length perturbations, one shall change the statement of the problem from the 
beginning and re-drive the perturbation growth rate by considering a finite flame thickness. In 
this case, thermal conduction and diffusion processes play a significant role in the flame 
dynamics and structure. The rigorous linear theory of the DL instability in the case of small but 
finite flame thickness was developed by Pelce and Clavin [24]. Assuming a unity Lewis number 
 Le  (the thermal-to-mass diffusivities ratio), no gravitational force and constant transport 
properties, the dispersion relation and instability grow rate take the form of 
( )
2 2 2
2
2 ln 1 11 1 1 ln 0,
1 1 1 1
f L f LkL S k kL S kω ω
⎡ ⎤⎛ ⎞Θ Θ Θ Θ− Θ+⎛ ⎞ ⎢ ⎥⎜ ⎟+ + −Θ − +Θ Θ =⎜ ⎟ ⎜ ⎟Θ+ Θ− Θ+ ⎢ ⎥⎝ ⎠ Θ−⎝ ⎠⎣ ⎦
	(1.5)	
( ) 1 ,
2
DL
L
kS k λω
π
⎛ ⎞= Γ Θ = −⎜ ⎟⎝ ⎠
	 	 	 	 	 	 	 	 (1.6) 
where ( )Γ Θ 	 is the same as in. Eq. (1.4) and DLλ  is the critical cut-off wavelength, when it 
defines the criteria for the stabilization mode due to thermal conduction. The latter, in turn, 
depends on Θ  and is proportional to the flame thickness fL  as fDL L)10030( −≈λ  for 
85 −=Θ . DLλ 	also determines the critical length scale, for which the instability may develop. In 
the case of zero flame thickness, Eq. (1.5) reduces to Eq. (1.3).  
As illustrated in Figure 1.3(b), heat fluxes in the flame front and converges in the convex 
region, thereby providing effective heating, which results in the increase of the local flame 
propagation speed LS . If  λ > λDL , the perturbations will continue to grow until the nonlinear 
stabilizing effects become important.  
The nonlinear mechanism of flame stabilization, which works according to Huygens’ 
Principle, is illustrated in Figure 1.3(c). This mechanism of flame stabilization was initially 
proposed by Zeldovich [25]. Specifically, since initially sinusoidal flame front propagates 
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normal to itself, concave parts of the flame front converge while convex parts diverge. Thus, the 
flame velocity increases at the cusp region and the flame propagates faster therein, which due to 
DL instability, balances the growth and amplitude of the humps, resulting in a curved stationary 
shape at the end due to non-linear effects. When a flame front has a finite thickness, thermal 
conduction would smooth the cusps [3].  
   (a)                 (b) 
   (c) 
Figure 1.3: Illustration of the Darrieus-Landau (DL) instability (a), and thermal (b) and 
nonlinear (c) stabilization of the DL instability. Courtesy of V. Bychkov and V. Akkerman. 
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1.2 Closure 
Combustion is a beautiful yet challenging branch of modern science, which has not been 
fully understood or solved. Moreover, it is an interdisciplinary topic, which includes 
thermodynamics, fluid mechanics, heat transfer, chemical kinetics and transport phenomena. The 
complexity of its nature generally consists of having non-linear terms and equations, as well as 
unsteady and multiphase flows. The development of combustion science has mainly taken place 
by making logical assumptions and simplifications according to the problem type. For instance, 
considering one step reaction, zero flame thickness, isobaric approximation, unity Lewis number, 
taking diffusion and thermal conductivity coefficients as equal as in Zel’dovich-Frank-
Kamentskii flame propagation theory [26] and so on. In this regard, progress in combustion has 
been initiated with very simple yet logical considerations, and it has been stepped up by 
improving these theories further. In this respect, this dissertation expands upon previous 
developed theoretical and computational studies as well as develops original ideas by taking into 
account safety and controlling mechanisms of combustion.  
This dissertation is organized as follows.  
(i) Development of a Predictive Mining Fire Scenario - (Papers 1 and 2) – scrutinized the inner 
mechanisms of a combustion accident in a coal mine. Specifically, the key stages and 
characteristics of a mining fire scenario are predicted, and the dynamics of a premixed flame 
front are scrutinized including the evolution of such parameters as the flame shape, propagation 
speed, acceleration rate and run-up distances. The theories of globally spherical, expanding 
flames, and finger-flame acceleration are combined into a general analytical formulation. Two-
dimensional (2D) and to cylindrical mining passages are studied. Starting with gaseous 
combustion, the analysis is subsequently extended to gaseous-dusty environments. Specifically, 
combustible dust (e.g. coal), inert dust (e.g. sand), and their combination are considered, and the 
influence of the size and concentration of the dust particles is quantified. In the following 
section, the predictive scenario of a methane – air – coal-dust fire in a mining passage [27] is 
extended by incorporating the effect of gas compressibility in the analysis [28].  
(ii) Investigation of the Effect of Local Variations of the Laminar Flame Speed on the Global 
Finger-Flame Acceleration Scenario - (Paper 3) - In this section, a systematic study of the 
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effect of local LS - variations on the global flame evolution scenario was conducted from a 
fundamental point of view. In practice, LS  may vary spatially and temporally due to potential 
impacts of pressure and temperature variations, as well as non-uniform distribution of the 
equivalence ratio in a combustor and/or of combustible or inert dust impurities in a coal mine. 
The spatial variations are assumed to be externally imposed, in a manner being a free functional 
of the formulation. Specifically, linear, parabolic and hyperbolic spatial LS -distributions are 
incorporated into the formulations of finger flame acceleration in pipes and compared to the case 
of constant LS . Both the 2D channels and cylindrical tubes are considered. The conditions 
promoting or moderating flame acceleration are identified, and the revisited formulae for the 
flame shape, velocity and acceleration rate are obtained for different LS - distributions [29].   
(iii) Development of a Computational Platform for a Non-uniform Distribution of 
Combustible Coal Dust Particles - (Paper 4) - In this section, a particular example of spatial 
variation of laminar flame speed LS  has been considered. Specifically, the propagation of a 
gaseous-dusty premixed flame front in a channel, a scenario resembling a methane-air fire in a 
coal mine, is studied by means of computational simulations. The combustible coal dust particles 
are incorporated into the solver by means of the Seshadri formulation [30] such that a real 
gaseous-dusty environment is replaced by an “effective fluid” with locally-modified, dust-
induced flow and flame parameters. The originality of this work is in the consideration of various 
spatial dust concentration distributions, such as the homogenous, linear, cubic and parabolic 
distributions. Specifically, flame acceleration due to wall friction is analyzed for all these 
distributions; the similarity and differences in the evolutions of the flame morphology and 
velocity in each of these cases as well as in the case of purely gaseous combustion are identified 
[31].  
In the conclusion section, all the findings are discussed and some possible future studies are 
proposed.  
Briefly, the original contributions of this thesis include the development of a novel predictive 
mining scenario, based on the previous works on finger [32] and expanding [33] flames. This 
idea also helped to generate Refs. [34, 35] which were then extended in this work to include 
further parametric study, the incorporation of 2D planar geometry and the approach of 
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compressible flow for a cylindrical geometry into the predictive mining fire scenario. 
Furthermore, this work developed a theoretical model to investigate the effect of local variations 
(linear, hyperbolic, parabolic) of the laminar flame speed on the global finger-flame acceleration 
scenario, and developed a computational platform for uniform (homogenous) and non-uniform 
(linear, cubic, parabolic) distributions of combustible coal dust particles.  
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2. Predictive Mining Fire Scenario 
Historically around the world, the mining industry has one of the highest injury and fatality 
rates for employees. While mining accidents are caused by a multitude of reasons, spontaneous 
methane deflagrations and detonations in the presence of coal dust constitute the most common 
hazard. Coal dust explosion research goes back to the 1800s, and one of the earliest known 
studies was carried out by Michael Faraday and Charles Lyell in 1845 [36]. They investigated 
possible causes of the Haswell coal mine explosion in 1844 and concluded that coal dust 
particles had a significant effect and contributed to the intensity of the disaster. Among more 
recent unfortunate examples of such dust/gas disasters, it can mention in passing the 2014 
mining catastrophe in Soma, Turkey, which resulted in over 300 deaths. To reduce the risk of 
these accidental burning events, researchers worldwide, analyze – experimentally, theoretically 
and computationally – numerous factors affecting the mechanisms of flame propagation and 
acceleration in methane/air and methane/air/coal-dust mixtures.  
In particular, Chatrathi et al. [37] investigated methane/air flame propagation in industrial-
scale piping. Silvestrini et al. [38] have provided simplified formulas to evaluate the flame 
velocities as well as the run-up distances of the deflagration-to-detonation transition (DDT) for 
flammable mixtures in smooth and obstructed tubes. Chen et al. [39] studied the structure and 
dynamics of flames at various equivalence ratios; they suggested that flame acceleration occurs 
only after a transition to turbulence, which actually determines the structure of the flame front. In 
another study, Bi et al. [40] investigated premixed methane/air flames in relatively long pipes by 
means of numerical simulations. As for burning in a gaseous environment with combustible dust 
impurities, Kjaldman [41] performed one of the pioneering numerical studies on the subject, 
employing a computational fluid dynamics (CFD) tool to small-scale dust flames. Furthermore, 
Liu et al. [42] conducted experiments on coal-dust/air mixture explosions under a weak ignition 
condition in a horizontal tube with a diameter ~0.2 m. Skjold et al. [43] investigated, 
experimentally and numerically, constant-volume dusty/gaseous detonations. Houim et al. [44] 
simulated the interaction of shock waves and the resulting shear layers with the coal-dust layers. 
Gardner et al. [45] undertook the large-scale experiments to investigate the detonation spreading 
in flowing coal-dust – air suspensions in a duct with a diameter 0.6 m. Bartknecht [46, 47] 
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performed experiments on coal-dust – air detonations in two tubes of different diameters and 
lengths; the maximum flame speeds attained in a tube with a length 130 m and diameter 2.5 m 
were 500 m/s and 700 m/s, the dust concentrations of 250 g/m3 and 500 g/m3, respectively. In the 
most recent experiments of Ajrash et al. [48–50] the impacts of coal dust on the methane 
deflagration and explosion characteristics are investigated in a large-scale cylindrical pipe (0.5 
meter). The effects of methane concentrations (in the range of 1.25-9.5 %) and coal dust 
concentrations (in the range of 0-30 g/m3) on the pressure rise, flame intensity, ignition source 
energy as well as pressure and flame velocities are identified.  
Nevertheless, up to now there has not been a unified analysis which capturs all the 
fundamentals and provids enough detail about a flame acceleration mechanism, starting from the 
initial stages of the process to the onset of the detonation. The present section of the thesis is a 
step in this direction.  
Earlier experiments by Oppenheim [51] and Urtiew [52] were devoted to hydrogen – oxygen 
flame acceleration, at the initial stage of burning, and transition to detonation. It was concluded 
that an initially laminar accelerating flame creates compression and then shock waves ahead of 
it, which subsequently leads to flame turbulization and the detonation onset. Clanet and Searby 
[53] have identified the “finger-shaped” mechanism of flame acceleration at the early stages of 
burning in tubes, which has been subsequently justified numerically and developed into a 
quantitative theory [32]. Specifically, a flame propagating in a cylindrical tube with idealized 
slip adiabatic walls was considered, with one end of the tube being closed, and a flame being 
ignited at the symmetry axis at the closed end, and propagating to the open one. In that case, the 
flame front develops from a hemispherical shape at the beginning to a “finger”-shape (see Fig. 
2.1), accompanied by the concomitant exponential growth of surface area of the flame front and, 
thereby, an associated increase in the flame velocity. This acceleration is fast, but lasts only for a 
short time interval: until a flame skirt contacts a wall. This acceleration mechanism is Reynolds-
independent, and is therefore equally strong in micro-tubes and mining passages. However, in 
the practical reality, the Re-dependent agents such as combustion instabilities and/or turbulence 
provide the corrections to the flame acceleration scenario, making it actually Reynolds-
dependent as well [54]. 
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Figure 2.1: ‘Finger’ model of flame propagation.  
Similar to any premixed flame, one of the key flame characteristics in the present problem is 
the unstretched laminar flame velocity, LS , which is a function of thermal-chemical properties of 
the fuel mixture, in particular, the fuel-to-oxidizer equivalence ratio φ . For the methane/coal-
dust flames, the laminar flame velocity also depends on the coal-dust parameters such as the size 
and concentration of the dust particles. Table 2.1 summarizes the typical factors causing flame 
corrugation/acceleration. In this section, some of them are employed to quantify the mining 
flame scenario and fix a relevance of any particular mechanism to the mining passage geometry. 
Table 2.1: Various mechanisms of flame corrugation/acceleration in tunnels/channels [27].  
 
 
 
 
 
First, an initially smooth flame front is subjected to the cellular Darrieus-Landau (DL) 
instability [5]. While this effect is negligible in micro/meso-scales, it gets stronger with the 
increase in size, providing a 2.5–10 increase in the flame velocity in tunnels of a human height 
size (say, 1.7–2 m diameter) [55, 56]. Second, when a flame front starts approaching the tunnel 
sidewall, it acquires a “finger-like” shape [32, 53, 57]. Then the flame surface area grows quite 
fast, promoting the flame velocity by one more order of magnitude by the time the flame skirt 
(+R,0)
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(0,0)
z
rflame
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Factors causing flame 
corrugation/acceleration 
 
Re-dependence 
Relevance to 
mines 
Relevance to 
micro-scales 
Flame instability YES, Re↑  YES NO 
Finger flame NO YES YES 
Wall friction YES, Re↓  NO YES 
Obstacles NO 
YES 
It depends It depends 
Turbulence YES It depends 
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contacts the wall [32]. Thereafter, this acceleration stops. In the present dissertation, the first 
mechanism is combined with the second one, for the first time, in order to predict and quantify 
the timing and locus of these stages in a coal mine. As a result, within the laminar approach, a 
quantitative predictive scenario of a premixed methane-air burning accident in a mining passage 
– from the earlier stage of flame acceleration until the transition to a detonation – is provided. 
Other potential factors that may influence the process include the effects of wall friction [17] 
and obstacles [19], as well as post-finger tulip flame formation and turbulence [58], leading to a 
flame-shock interaction until a detonation onset [59]. However, these factors require extensive 
research, thereby beyond the scope of the present dissertation but will be proposed as a possible 
future study. In future studies, the role of turbulence may potentially be incorporated into the 
present formulation, as an option, by replacing the laminar flame velocity LS  with a local 
turbulent flame velocity  ST , with the ratio  ST SL  obtained analytically, or computationally from 
a relevant turbulent flame speed model, or phenomenologically from an experiment. As for 
flame acceleration due to wall friction [17], it weakens significantly with the Reynolds number, 
being thereby minor in a coal mine. In contrast, a “tooth-brush” array of in-built obstacles 
generates extremely fast flame acceleration, and this mechanism is Re-independent too, which 
makes it potentially relevant to the coalmining geometry if obstacles are large enough [19]. 
However, the role of obstacles in the mining accidents requires separate investigation, which 
should be undertaken elsewhere. 
Overall, the primary focus of the present section is the development of a predictive and 
quantitative scenario of a mining accident, aiming to provide guidance for preventing and 
mitigating the disasters associated with gaseous deflagrations and detonations in coal mines. The 
analytical formulation is presented in Sec. 2.1 in the limit of incompressible flow properties, 
while Sec. 2.2 is devoted to the parametric study. In Sec. 2.3, the effect of dust particles is 
considered. The impact of gas compression is taken into account in Sec. 2.4 and the results are 
discussed in Sec. 2.5. 
Specifically, the key characteristics have been identified for different stages of the process 
and the timing and the burning rate for each stage have been predicted. The input parameters for 
the formulation include the equivalence ratio, the transport properties of the methane/air/coal-
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dust mixture, as well as the size and concentration of the coal-dust particles (with the laminar 
flame velocity  SL  and the thermal expansion coefficient Θ  being coupled to them). Another set 
of parameters is coupled to the size and configuration of a mining passage.  
2.1 Analytical Formulation (Incompressible Flow) 
Initially, a low Mach-number combustion model [32] is employed, which is relatively simple 
and provides reasonable evaluations even in the case of compressible flows; see a justification in 
Ref. [57] for more details (a rigorous extension of this formulation accounting for the 
compressibility effects will be presented in the Sec. 2.4).  
Specifically, here an accidental ignition of a methane-air or propane-air mixture that occurred 
at a distance H  from a tunnel sidewall is considered as illustrated in Figure 2.2(a). An 
embryonic flame propagates outwardly from the ignition point. It is initially spherically-smooth 
as any tendency to excite a combustion instability is suppressed by the stretch-effect induced by 
an expanding flame. The process is controlled by the interplay between the flame stretch and the 
mixture (non)equi-diffusion. The critical issue at an early stage of burning is whether an 
embryonic flame be sustained. In this respect, the flame front evolution depends on the Lewis 
number  Le  such that sustained combustion is possible for 1>Le  mixtures, whereas for 1<Le  
mixters, a flame embryo needs to attain a minimum radius, through the initial spark energy, 
before sustained propagation is possible [60, 61]. Consequently, keeping 1<Le  in a mining 
environment may improve the flame safety standards. It is also noted that 1~Le  for the majority 
of methane – air flames.  
(a)    (b)   
Figure. 2.2: Illustration of quasi-spherical flame expansion: the stages of ignition, uniform 
propagation of a smooth front (a) as well as self-similar acceleration of a cellular front (b). 
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 Stage 1: Quasi-spherical, self-similar accelerative flame expansion 
Let us consider the case when a flame has survived and keeps propagating. The present 
dissertation focuses mostly on large scales such that the flame stretch will later be neglected. At 
the early stage of burning, the flame front expands with a constant speed, Lf SdtdR Θ=/ , with 
respect to the ignition point, where ( )tR f  is the instantaneous flame radius, and the thermal 
expansion factor Θ  is coupled to the equivalence ratio φ . As a flame “ball” grows in size and 
the stretch intensity reduces, the diffusional-thermal cells would develop over the surface of 
1<Le  flames [2]. Subsequently, the flame thickness relative to the global flame radius is 
reduced, leading to the onset of the hydrodynamic (DL) flame instability mode. The latter 
generates hydrodynamic cells over the flame surface, regardless of  Le , and will eventually 
dominate in the surface morphology [2, 25]. The continuous generation of new cells leads to the 
continuous increase in the flame surface density and thereby an expanding flame self-accelerates 
in a scale-invariant (self-similar) manner as illustrated in Fig. 2.2b. According to numerous 
experimental and computational studies, a reasonable fitting law for such acceleration is [33] 
0
n n
fR R Ct Ct= + ≈ ,        (2.1) 
where 0R  plays the role of a critical radius related to the transition to the cellular flame structure 
(it can be neglected within the frame of a large-scale formulation), 4.13.1 −≈n  in the majority 
of studies; and the factor  C  can be evaluated as [16, 33] 
 ( )nLnDL nSkC /1 Θ= − ,         (2.2) 
where DLk  is the DL cutoff wavenumber that appears in the Pelce-Clavin dispersion relation 
[24], see Eq. (1.6), and it is coupled to the DL critical wavelength as DLDLk λπ /2= . In the 
present work, the following formulas for DLλ  and, respectively, DLk  are employed [58] 
 ( )
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With power-law flame acceleration, Eq. (2.1), the global (radial) flame velocity with respect to 
the ignition point is no longer constant LSΘ , but a time-dependent quantity 
   ( ) ( ) 111 // −−− Θ== nnLnDLnf tSnkCtndtdR .      (2.4) 
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To evaluate the instantaneous global flame velocity with respect to the fuel mixture, the result 
(2.4) is divided by Θ , namely 
  1
1
11 −
−
− ⎟
⎠
⎞⎜
⎝
⎛ Θ=
Θ
=
Θ
= n
n
DL
n
L
nf
DL tkn
StnC
dt
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U .     (2.5) 
 Stage 2: Finger-like flame acceleration 
Generally speaking, Eqs. (2.1) – (2.5) describe the accelerative flame expansion in an opening. 
In practice, as soon as a flame front approaches (even before contacting) the tunnel/channel wall, 
the difference between the radial and the axial flow velocities modifies the flame shape, forming 
two outwardly propagating “finger-like” fronts, as illustrated in Fig. 2.3. In fact, the expansion of 
the burning matter leads to a strong flow in the axial direction, which drifts the tip of a “finger”-
shaped flame. Due to the elongated shape, the surface area of such a flame front is much larger 
than the passage cross section, which causes the flame to accelerate. However, this acceleration 
stops when a flame “skirt” contacts a passage wall. By the end of this process, the distance from 
the ignition point to the flame tip is much larger than the passage radius.  
Next, the analysis of an expanding flame is combined with a finger-flame formulation [32] 
such that a time-dependent quantity DLU , Eq. (2.5), is incorporated instead of the constant  SL.
The rational for such a consideration is the scale- and time-separations between the formulations: 
the tunnel width is much larger than the DL cells, and the finger-flame acceleration is much 
stronger than that associated with the DL instability. To generalize the approach, both the two-
dimensional (2D) planar and cylindrical geometries are considered and compared. In fact, a real 
coal mine tunnel may have a rectangular/square cross-section, which is actually neither 2D nor 
cylindrical, but in between these two geometries. Sections 2.1.1 and 2.1.2, present the analytical 
formulations for the 2D-planar and cylindrical-axisymmetric configurations, respectively.  
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Figure. 2.3: Illustration of finger-like flame acceleration. 
 
Figure 2.4: A flow close to a tunnel end-wall (a) and axis (b).  
2.1.1 2D Planar Geometry 
The sketch of the coordinate system for the flow near the end-wall and the centerline of the 
tunnel is shown in Figure 2.4. First a 2D geometry is considered. Then the incompressible 
continuity equation reads 
0x zu u
x z
∂ ∂+ =
∂ ∂
.         (2.6)
 
 
The boundary conditions are 0| 0==zzu , ux |x=Rf = 0 . By assuming a potential flow, the axial and 
radial flow velocities ahead of (subscript “1”) and behind (subscript “2”) the flame front read 
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( )ztAuz 11, = ,    ( )( )xHtAux −= 11, ,  ( )ztAuz 22, = ,    ( )xtAux 22, −= ,  (2.7) 
where the factors A1  and A2  depend on time only. While the flow is generally rotational in the 
burnt matter, due to a curved shape of the flame front, the flow can be treated as potential close 
to the end-wall, where a flame front is locally planar. The matching conditions at a flame front, 
fRx = , are 
dRf
dt − ux,1 =UDL t( ) , ( ) ( ),1 ,2 1x x DLu u U t− = Θ− ,     2,1, zz uu = ,   (2.8) 
where the first equation specifies the flame propagation velocity with respect to the fuel mixture, 
the second describes the jump of the normal velocity, and the third describes the continuity of the 
tangential velocity. Substituting Eq. (2.7) into Eq. (2.8) one finds  A1 t( ) = A2 t( ) = Θ−1( )U DL t( ) / H  
and then the evolution equation for the flame skirt reads:  
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dt
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t n−1,  (2.9) 
with the initial condition Rf |t=0= 0 , and the solution:  
 
t Rf( ) = ΘHΘ−1( )C ln
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(2.10)
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H
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The characteristic time instant devoted to the transition from a globally-spherical to a finger-
like flame shape, spht , and the associated flame skirt location, )( sphf tR , can be evaluated as  
					
( ) ( )
1/ 1/
11 1
n n
sph n
L DL
H n Ht
C S k −
⎛ ⎞ ⎛ ⎞Θ Θ≈ =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟Θ− Θ Θ−⎝ ⎠ ⎝ ⎠
,   ( ) ( )( ) ( )
11
0.632
1 1f sph
e H HR t
−− Θ Θ= ≈
Θ− Θ−
,  (2.12) 
with the burning rate at this instant being 
 ( )
1/
1 1
1
n
n
DL sph sph
nC C H nU t t n
n
− −⎛ ⎞ ⎛ ⎞= = ⎜ ⎟ ⎜ ⎟Θ Θ Θ−⎝ ⎠ ⎝ ⎠
.      (2.13) 
The next focus is on the flame tip, which evolution equation reads 
 ( ) ( ) ( )1tip tipDL DL
dZ Z
U t U t
dt H
= Θ− +Θ ,      (2.14) 
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with the initial condition 0| 0==ttipZ , and the solution: 
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The flame skirt (in fact, its first “wing”) contacts the tunnel side wall when HR f = , i.e.: 
( ) ( ) ( ) ( )
1/ 1/
.1 1ln ln1 1
n n
wall n
L DL
H n Ht
C S k −
⎧ ⎫ ⎧ ⎫Θ Θ⎪ ⎪ ⎪ ⎪= Θ = Θ⎨ ⎬ ⎨ ⎬Θ− Θ Θ−⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎩ ⎭
.    (2.16) 
The second flame wing contacts the opposite wall a little later, when HRR f −= 2 , 
 ( )
( ) ( )
( )
( ) ( )
1/ 1/
.2 1
2 2
ln ln
1 1
n n
wall n
L DL
R H R Hnt
C S k −
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.
  
 (2.17) 
Obviously, 2,1, wallwall tt =  if RH =  and / lnnwall spht t = Θ . The velocity of the flame tip in the 
laboratory reference frame and its acceleration are respectively given by:  
 ( )1 1exp
n
tip n
tip
dZ Ct
U nCt
dt H
− ⎛ ⎞Θ−= = ⎜ ⎟Θ⎝ ⎠
,      (2.18) 
 ( ) ( )
2
1 1 1
2
1 1exp 1
n
tip n n
tip
d Z Ct Ca nCt n t nt
dt H H
− − −⎛ ⎞Θ− Θ−⎧ ⎫= = − +⎜ ⎟⎨ ⎬Θ Θ⎩ ⎭⎝ ⎠
.   (2.19) 
One can also readily check that in the case of 1=n , the DL instability disappears and all these 
formulas reproduce their counterparts of Ref. [57]. 
2.1.2 Cylindrical Axisymmetric Geometry 
Here, a similar analytical formulation is developed for the cylindrical-axisymmetric 
geometry. In this case, the continuity equation for the incompressible flow reads  
	
( )1 0r zru u
r r z
∂ ∂+ =
∂ ∂
,
          
(2.20) 
with the boundary conditions 0| 0==zzu , | 0fr r ru = = . Similar to the 2D case, assuming potential 
flow in the fuel mixture, velocity components (with singularity occurring) can be found as 
( )ztAuz 11, = ,      
( )
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−= r
r
HtAur
2
1
1, 2
,    ( )ztAuz 22, = ,     
( ) rtAur 2
2
2, −= . (2.21) 
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The matching conditions are given by Eq. (2.8). Then ( ) ( )1 2A t A t= = ( ) ( ) 22 1 /DL fU t R HΘ− . 
Altogether, Eqs (2.6), (2.20) – (2.21) provide the evolution equation for the flame skirt: 
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with the solution 
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where ( )1−ΘΘ=α . The characteristic time devoted to the transition from a globally-
spherical to a finger-like flame shape, spht , and the flame skirt location at this instant, 
)( sphf tR , can be evaluated as:   
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with the associated corrugated flame velocity being 
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Next, the flame tip, which evolution equation in this geometry reads 
  ( ) ( ) ( ) ( )tU
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with the solution 
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(2.28)  
The first wing of the flame skirt contacts the tunnel side wall when HR f = , i.e. 
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The second flame wing contacts the opposite wall at 
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when HRR f −= 2 , Obviously, 2,1, wallwall tt =  if RH =  and ( ) ( )/ ln /nwall spht t α α= Θ+ Θ−⎡ ⎤⎣ ⎦ . 
The flame tip velocity and acceleration in the laboratory reference frame read 
 ⎟⎟⎠
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H
CtnCtU
dt
dZ nn
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tip α2cosh1 ,      (2.31) 
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Again, in the case of 1=n , the DL instability disappears and all these formulas reproduce 
their counterparts of Ref. [57]. 
2.2 Results and Discussion (Incompressible Flow) 
In this section, the analytical results of Sec. 2.1 are thoroughly investigated for a set of input 
parameters. Initially, the gaseous methane- or propane-air flames, of various equivalence ratios, 
are considered. Subsequently, the analysis is extended to methane/air/coal-dust combustion.  
While it is a methane/air accidental explosion that is most relevant to coal mines, for 
comparison, and to identify the role of the type of a combustible, here potential propane/air 
flame spreading is also investigated. The thermal expansion factor Θ  and the laminar flame 
velocity LS  are tabulated versus the equivalence ratio φ  in Table 2.2, for the methane/air 
mixture, and in Table 2.3, for the propane/air one, respectively [62]. Based on these tables, the 
characteristic timings of the process, spht , Eqs. (2.12) and (2.25), and wallt , Eqs (2.16), (2.17) and 
(2.29), (2.30) are presented in Figs. 2.5 and 2.6 for the 2D planar and cylindrical axisymmetric 
geometries, respectively, with  n = 1.4  and  R = H = 1.05  m in both figures. It is recalled that 
these quantities, spht  and wallt , play the key roles for flame acceleration and, thereby, the entire 
flame evolution scenario. Equations (2.9)–(2.11), (2.22)–(2.24) exhibit a globally-spherical 
(cellular) shape of an expanding flame front while sphtt < . Then the flame skirt slows down, 
while the flame tip accelerates, thereby leading to very strong elongation and global acceleration 
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of the flame front within the interval tsph < t < twall . This acceleration is nevertheless limited in 
time: it terminates as soon as the flame skirt contacts a wall, walltt = .  
Table 2.2: The methane/air flame parameters [62] 
φ  0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 
Θ  5.54 6.11 6.65 7.12 7.48 7.55 7.43 7.28 7.09 
LS  (m/s) 0.089 0.169 0.254 0.325 0.371 0.383 0.345 0.250 0.137 
 
Table 2.3: The propane/air flame parameters [62] 
φ  0.63 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 
Θ  6.04 6.56 7.15 7.66 8.02 8.08 8 7.88 7.74 
LS  (m/s)  0.147 0.217 0.303 0.374 0.418 0.429 0.399 0.322 0.226 
  
	
Figure 2.5: 2D planar geometry: The time limitations of finger flame acceleration, spht , Eq. 
(2.12), and wallt , Eq. (2.16), versus the equivalence ratio φ  for the propane/air and methane/air 
flames,  R = H = 1.05 m  4.1=n . 
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Figure 2.6: Cylindrical axisymmetric geometry: The time limitations of finger flame 
acceleration, spht , Eq. (2.25), and wallt , Eq. (2.29), versus the equivalence ratio φ  for the 
propane/air and methane/air flames,  R = H = 1.05 m  4.1=n . 
The flame tip position, velocity and acceleration are shown in Figs. 2.7 – 2.9 for the planar 
and cylindrical geometries. Here, Figs. 2.7(a) – 2.9(a) demonstrate the time evolution of these 
quantities, in a stoichiometric mixture, 1=φ , while Figs. 2.7(b) – 2.9(b) present the maximal 
quantitates, attained during finger flame acceleration, versus the equivalence ratio φ , namely: 
( )tip tip wallZ Z t≡ ≡ΘH, Eqs. (2.15) and (2.28); ( )walltiptip tUZ ≡! , Eqs. (2.18) and (2.31); and 
( )walltiptip taZ ≡!! , Eqs. (2.19) and (2.32), respectively. It is seen that a propane/air flame generally 
spans a greater distance before it contacts a wall, which can be attributed to its higher laminar 
flame velocity LS  at a given equivalence ratio. Besides, a higher flame tip velocity and, thereby, 
stronger acceleration are attained in the cylindrical configuration as compared to the 2D one.  
As a result, the impacts of the globally-spherical and of the finger-like flame acceleration 
mechanisms are both significant in a coalmining passage, and they may trigger detonation more 
effectively in a cylindrical configuration than in a 2D geometry. Specifically, in both cases, the 
whole process takes less than 0.1 s, during which a flame tip travels around 8 m (Fig. 2.7). The 
tip of a methane flame front attains the velocities of 300 m/s and 500 m/s (in the laboratory 
reference frame) in the 2D-planar and cylindrical geometries, respectively, Fig. 2.8(a), thus 
exceeding the nominal value LS  by three orders of magnitude, and the laminar flame velocity in 
the laboratory reference frame,  ΘSL , by two orders.  
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For propane/air combustion, the burning rate increases even higher, up to 400 m/s and 700 
m/s in the 2D-planar and cylindrical-axisymmetric geometries, respectively. In fact, it is Fig. 2.8 
that identifies whether a propagating flame front can attain a sonic/supersonic speed in a coal 
mine, where a detonation occurs mostly due to an accidental ignition of methane, being thereby 
one of the major causes for a disaster. For methane/air burning, while such an overcome of the 
sound barrier is not observed in a 2D channel, in a cylindrical geometry, it occurs for the 
equivalence ratios in the range 0.9 ≤ φ  ≤ 1.2. For faster, propane/air burning, this range is even 
wider in the cylindrical geometry, 0.8 ≤ φ  ≤ 1.3, and it is also observed in a 2D planar geometry 
for 1.0 ≤ φ  ≤ 1.2. Consequently, one may expect a deflagration-to-detonation transition (DDT) 
event to occur in all these cases.  
 
 
Figure 2.7: (a) Evolution of the flame tip position tipZ  in a stoichiometric ( 1φ = ) mixture and  
(b) ( )tip wallZ t  versus φ  for methane- and propane/air combustion in the 2D planar and cylindrical 
axisymmetric geometries. 
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Figure 2.8: (a) Evolution of the flame tip velocity tipU  in a stoichiometric ( 1φ = ) mixture and  
(b) ( )tip wallU t  versus φ  for methane- and propane/air combustion in the 2D-planar and 
cylindrical-axisymmetric geometries. 
  
Figure 2.9: (a) Evolution of the flame tip acceleration tipa  in a stoichiometric ( 1φ = ) mixture 
and (b) ( )tip walla t  versus φ  for methane- and propane/air combustion in the 2D-planar and 
cylindrical-axisymmetric geometries. 
In fact, a reasonable and conventional parameter to analyze flame acceleration as a stage of 
the DDT process is the so-called run-up distance. Two distinctive definitions for such a quantity 
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detonation onset; or (ii) a distance, at which the flame velocity in the laboratory reference frame 
equals the sound speed. In the first case, the run-up distance strongly depends on particular 
chemical kinetics of the reactions involved. In contrast, in the latter case, the run-up distance is a 
purely gas-dynamic characteristic of the process. Since the focus of the present dissertation is the 
gas-dynamics of flame acceleration, the second definition is employed here, namely, the run-up 
distance is approximated as the flame tip position at the instant when its velocity equals the local 
sound speed, dZtip / dt =Utip = co . Although it is recognized that such a definition is not accurate, 
and the detonation does not occur exactly at that instant, still these values correlate, and therefore 
this is a reasonable approximation. Additionally, one may also define the run-up time as the 
instant when the flame speed in the laboratory reference frame overcomes the sound barrier. For 
the 2D- planar geometry, the run-up timing, rudt , can be obtained by equating (2.18) to the sound 
speed: 
( )1
0 . .
. .
1
exp
n
tip rudn
tip rudr u d
r u d
dZ Ct
c U nCt
dt H
− ⎛ ⎞Θ−= = = ⎜ ⎟Θ⎝ ⎠
,
     
(2.33) 
and then, substituting this result into Eq. (2.15), the run-up distance is given by 
( )1exp 1
1
n
rud
rud
CtHZ
H
⎧ ⎫⎡ ⎤Θ−Θ ⎪ ⎪= −⎨ ⎬⎢ ⎥Θ− Θ⎪ ⎪⎣ ⎦⎩ ⎭
.       (2.34) 
The cylindrical counterparts of these quantities are obtained in the same manner by using Eqs. 
(2.31) and (2.28), which yield:  
1
0 . .
. .
2cosh
n
tip n rud
tip rudr u d
r u d
dZ Ctc U nCt
dt H
α− ⎛ ⎞= = = ⎜ ⎟Θ⎝ ⎠
,     (2.35) 
 
2sinh
2
n
rud
rud
CtHZ
H
α
α
⎛ ⎞Θ= ⎜ ⎟Θ⎝ ⎠
.        (2.36) 
All these results are shown in Fig. 2.10, which identifies the distance the flame propagates before 
the detonation onset. 
	
	
28	
 
Figure 2.10: The run-up distance,  Zrud , versus the equivalence ratio φ  for methane – air flames, 
in a cylindrical geometry, and for propane – air flames, in both 2D-planar and cylindrical 
geometries.  
2.3 Extension to Gaseous-Dusty Environment 
One of the major issues in the coal mining industry is that the modern knowledge base about 
dust explosions does not provide an acceptable level of risk assessments because the physics of 
the controlling mechanisms, associated with particle/gaseous flames, have not been explored 
sufficiently [63]. Specifically, modern coalmining machinery has significantly increased the 
portion of small-size coal dust collected in intake/return airways [64]. Consequently, a model 
capable of quantifying the probability and associated hazards of spontaneous ignition, 
deflagration and the likelihood of a deflagration-to-detonation transition (DDT) event is highly 
needed.  
Next, the formulation is extended from combustion of a purely gaseous methane/air mixture 
to that with coal-dust impurities. For this purpose, the Seshadri formulation [30] is implemented, 
which expresses the “gaseous-dusty” unstretched laminar flame velocity, LdS , , as a function of 
local thermal-chemical properties of the gas and coal dust in the form 
 ⎟
⎟
⎠
⎞
⎜
⎜
⎝
⎛
−=
fu
a
Tu
u
Ld TR
E
C
Bk
Ze
S exp
21
, ρ
,  
( )
2
fu
ufa
TR
TTE
Ze
−
= ,   (2.37) 
where aE  is the activation energy, Ze  the Zel'dovich number, and  
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34
3
s s
T P s s
rC C C n π ρ
ρ
= +         (2.38) 
the whole specific heat of the mixture, with pC  and sC  being that of the gas and coal dust 
particles, respectively. Here ρ  is the density of the mixture, which can be expressed as 
u scρ ρ= + , where uρ  is the fresh gas density and sc  the concentration of particles. The quantity 
( / ) /s s s sn c Vρ=  is the number of particles per unit volume, with 3s 4 / 3sV rπ=  being the volume 
of a single particle and sr  being the radius of this particle. The laminar flame velocity, LdS , , can 
generally increase or decrease in the presence of coal particles. On the one hand, the flame speed 
is promoted by the effect of volatiles released from the coal particles through the gaseous 
mixture, which is accounted as an additional fuel source for the combustion process in the 
reaction zone. As a result, the growth of the equivalence ratio promotes the flame temperature 
and, thereby, the flame propagation velocity. On the other hand, the coal dust particles gain heat 
from the flame during the devolatilization process, thereby acting as a heat sink. This reduces the 
flame temperature and, thereby, the flame velocity [65]. To be specific, Ref. [30] suggested the 
following expression for the devolatilization rate of the coal particles (the mass of a gaseous fuel 
vaporized per unit volume per second):  
 Nssv TrAnw
24π=′ .         (2.39) 
Similar to Ref. [30], in the present dissertation  A = 3.4 ⋅10
−5kg m−2  s−1  K , 33.1=N  is used. The 
temperature of a coal particle is approximated as 2/)( bvs TTT += , where vT  is the 
devolatilization temperature, which is taken here to be 600 K, and bT  is the adiabatic flame 
temperature based on the purely methane – air equivalence ratio. Among various methods to find 
bT , here it is evaluated as a 5
th-order polynomial function of the equivalence ratio [66] 
 
4 5 4 4 5 3
4 2 4 3
( 2.21 10 ) (8.042 10 ) ( 1.171 10 )
(8.471 10 ) ( 2.854 10 ) 4.89 10
bT φ φ φ
φ φ
= − × + × + − ×
+ × + − × + ×
,    (2.40) 
valid in the range 0.6 1.6φ≤ ≤ . The characteristic time of vaporization is of the order of [30]:  
          2
u
r
u L T
kt
S Cρ
= ,          (2.41) 
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which is the residence time of a coal particle before it enters the reaction zone. It is noted that LS  
in Eq. (2.41) is actually the laminar propagation velocity of a gaseous flame (without particles) 
for a given equivalence ratio, and this quantity can be calculated by removing the coal dust 
particles in Eq. (2.37), i.e. by substituting pT CC =  in Eq. (2.38). In this case, to match the 
calculated laminar flame velocity in the case of no particles, the experimental values of LS , 
given in Table 2.2, are used. The characteristic time of vaporization, tr, is used to estimate the 
total mass of released volatiles per unit volume, 'v v rw w t= . Similar to Ref. [30], for simplicity, 
this additional fuel is assumed to be methane (CH4), which is added to the original gaseous 
methane/air mixture, thereby promoting the equivalence ratio. The new amount of gaseous fuel 
per unit volume in the mixture is designated as 
 
mfuel
m = mCH4
m + wv , where mCH4
m  is the original 
mass of methane per unit volume for a given equivalence ratio, and it can be calculated together 
with that for air as  
 
mCH4
m =
MCH4VCH4P
RuTu VCH4 +Vair( )
,
 
mair
m =
MairVairP
RuTu VCH4 +Vair( )
.
    (2.42) 
Here P is the atmospheric pressure, VCH4  and  Vair , 
MCH4 and Mair  are the volumes and molar 
masses of methane and air, respectively. Accordingly, the modified equivalence ratio can be 
estimated as:  
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( ) ( )
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m M m M
φ
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⎡ ⎤
⎣ ⎦
.      (2.43) 
With this modified equivalence ratio, a new flame temperature, *fT , is estimated by Eq. (2.40). 
The outcome for a methane/air premixed flame is shown in Fig. 2.11(a), where *fT  is presented 
versus the coal dust concentration sc  for various equivalence ratios, 1;9.0;8.0;7.0=φ . To match 
the experimental values of Table 2.1 in the case of no coal-dust particles, Eq. (2.37) is modified 
as  
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The corresponding values of *fT  are then used to estimate the new laminar flame velocity, 
*
,d LS , 
by substituting *fT  instead of fT  into Eq. (2.44). The results are shown in Fig. 2.11 for particles 
of radius 25 µmsr = . Table 2.4 [67] presents other values used in the present analysis.  
It is seen that both *fT  and 
*
,d LS  grow with the increase in sc  and/or φ . It is also noted that 
while the new flame temperature and laminar flame velocity grow significantly with sc  for lean 
combustion, 7.0=φ , these sc -dependences weaken with the increase in φ  such that *fT  and 
*
,d LS  appear almost sc -invariant for 1=φ . This is due to an effective promotion of the 
equivalence ratio at 7.0=φ  resulting from the increase in the flame temperature 
*
fT . 
(a) (b) 	
 
Figure 2.11: The flame temperature *fT  (a) and laminar velocity Sd ,L
*  (b) modified by the 
promotion of the equivalence ratio, versus the particle concentration cs for the particles of size 
25 µmsr = . 
 
Table 2.4: Some physical parameters used in the study [67]. 
B (s-1) 3.5×106 ρu (kg m-3) 1.135 
ku  (W K-1 m-1) 0.052 ρs (kg m-3) 1000 
Ea (kJ mol-1) 88.8 Cp (kJ kg-1 K-1)
 
2.22 
Ru (kJ mol-1 K) 8.314×10-3 Cs (kJ kg-1 K-1)
 
1.26 
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Unlike a combustible (say, coal) particle, an inert (say, sand) particle acts only as a heat 
sink, because it absorbs heat from the flame and reduces the flame temperature. For lean )1( <φ  
or stoichiometric )1( =φ  methane – air combustion, the global chemical reaction reads: 
  ( ) ( )4 2 2 2 2 2 22 3.76 2 7.52 4 1CH O N CO H O N Oφφ φ φ+ + ⇒ + + + − .   (2.45) 
The heat release in the process of burning of φ  moles of methane and 9.52 moles of air equals
( ) .b u P productT T C n⎡ ⎤−⎣ ⎦∑ . With the assumption that the entire heat released in the reaction is used 
to raise the temperature of the mixture, the volumetric heat release from methane – air 
combustion of a given equivalence ratio can be found as: 
 ( ) ( )4
.
9.52
air
b u P product
CH air
nQ T T C n
V V
⎡ ⎤= −⎣ ⎦ +∑ ,     (2.46) 
where productn  is the number of moles of the burning products, which depends on φ . Assuming 
that a flame with particles releases the same amount of heat while it is also influenced by the 
temperature rise of particles, a secondly-revised flame temperature, **fT , can be estimated using 
the energy conservation law: 
 ( ) ( ) ( )4
** **.
9.52
air
f u P product s s f u v
CH air
nQ T T C n c C T T L
V V
⎡ ⎤= − + + +⎣ ⎦ +∑ .  (2.47)  
Rearranging Eq. (2.47), the revised flame temperature is expressed as: 
 
( )
u
ssproductp
airCH
air
v
f T
CcnC
VV
n
LQ
T +
+
+
−
=
∑
4
**
52.9
,     (2.48) 
where Lv the heat of gasification per unit volume, which is given by 
4
0.01v v CHL w h= Δ [67]. 
Equation (2.48) for the revised flame temperature, which accounts for the heat sink effect, 
indicates a continous decrease in the flame temperature with the addition of the inert particles. It 
is subsequently used to estimate the revised laminar flame velocity, **,LdS , by substituting 
**
fT  
instead of  
Tf  into Eq. (2.44). The results are presented in Fig. 2.12, where the revised flame 
temperature and laminar flame velocity are shown versus the dust concentration sc  for various 
equivalence ratios, 1;9.0;8.0;7.0=φ . It is seen that both **fT  and **,LdS  decrease with sc , and 
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such a decrease get promoted with φ . At the same time, **fT  and **,LdS  grow with φ . This effect 
becomes more profound with the increase in φ .  
Finally, a combined effect of the increase in the equivalence ratio and that of the heat sink 
can be accounted by averaging the flame temperature over those associated with both effects 
separately, 2/)( ****** fff TTT +=  [67]. It is noted, in this respect, that such a definition of 
***
fT  is 
solely based on the work by Xie et al. [67], while an alternative definition would influence the 
subsequent results quantitatively. In fact, an accurate knowledge of the flame temperature is 
clearly crucial in predicting the flame velocity accurately, in particular, due to the exponential 
dependence in Eq. (2.37). Again, the new laminar flame velocity ***,LdS  is calculated by 
substituting ***fT  instead of  
Tf  into Eq. (2.44). Figure 2.13 is a counterpart of Fig. 2.12 for 
***
fT  
and ***,LdS  instead of 
**
fT and 
**
,LdS , respectively. Similar to Fig. 2.12, the increase in φ  promotes 
both ***fT  and .
***
,LdS   
 (a) (b)  
Figure 2.12: The flame temperature Tf
** (a) and laminar velocity 
 
Sd ,L
**  (b), modified by the heat 
sink effect, versus the particle concentration cs for the particles of size 25 µmsr = .  
However, the dependence on the dust concentration changes: namely, while the sc -dependences 
of ***fT  and 
***
,LdS  resemble that of 
**
fT  and 
**
,LdS  for stoichiometric combustion, Fig. 2.12, these 
near-liner dependences weaken with the decrease in φ  such that the effects of the promoted 
equivalence ratio and heat sink are practically balanced for 7.0=φ , making thereby ***fT  and 
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***
,LdS  almost sc -invariant. This result is opposite to that observed in Fig. 2.11 for 
*
fT  and 
*
,LdS . 
Besides, in the case of no particles ( cs = 0 ), all our results for the flame velocity reproduce the 
experimental data of Table 2.2. 
(a) (b)  
Figure 2.13: The flame temperature 
 
Tf
*** (a) and laminar velocity Sd ,L
***  (b), modified to the 
combined (combustible + inert) effect, versus the particle concentration cs for the particles of 
size 25 µmsr = . 
The effect of a particle radius on the laminar flame velocity in the case of both combustible 
and combined (combustible + inert) particles is shown in Fig. 2.14, for the fixed equivalence 
ratio 7.0=φ  and various particle radii 10; 25; 75 µmsr = , consistent with the realistic coal particle 
sizes, in both cases. In the case of combustible particles, the laminar flame velocity attains its 
highest value for 10 µmsr = . This can be devoted to the effect of faster pyrolysis in small coal 
particles, which causes an effective increase in an equivalence ratio; see Eq. (2.43). However, the 
growth of *,LdS  moderates around cs=180 g/m
3 and becomes almost constant close to a value of 
cs=250 g/m3. This decreasing trend in the slope of *,LdS  is mainly caused by an effective increase 
in the equivalence ratio from  φ = 0.7  at cs = 0  till  φ = 1.05  at  cs = 300 g/m
3 . Such a strong 
increase in φ  shows a decreasing slope in the laminar flame velocity when it approaches the 
stoichiometric value. This observation can also be justified by remembering how the adiabatic 
flame temperature changes with the equivalence ratio. On the other hand, small particles, 
10 µmsr = , promote the laminar flame velocity 
***
,d LS  as long as the concentration does not exceed 
 cs = 180 g/m
3 , i.e. as long as the heat sink effect plays a minor role. However, with the increase 
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in the particle concentration, the heat sink effect becomes dominant and causes a decreasing 
trend in ***,LdS . Besides, relatively larger particles, with 25 µmsr =  and 75 µmsr = , 
monotonically reduce the flame velocity with the increase in the particle concentration. 
 
Figure 2.14: The modified flame velocity versus the particle concentration for the fixed 
equivalence ratio ( φ = 0.7 ) and various particle radii ( 10;  25 and 75 µmsr = ) for combustible (a) 
and combined (combustible + inert) (b) particles. 
Next, these updates on the laminar flame velocity are incorporated into the formulation of 
Sec. 2.1 on gaseous combustion, thereby modifying the results of Sec. 2.2. Specifically, the 
scenarios of globally-spherical flame expansion and that of finger flame acceleration accounting 
for the presence of combustible and/or inert particles are updated both for planar and cylindrical 
geometries. As the modified equivalence ratios and the modified laminar flame velocities are 
incorporated into the formulations of Sec. 2.1, all the functions of the equivalence ratio and 
laminar flame velocity will change accordingly, and they also modify the timing and key 
characteristics of the flame dynamics such as the evolution of the flame tip position and velocity.  
Figures 2.15 and 2.16 compare the situations of combustible, inert and both types of particles 
as well as that with no particles. Specifically, Fig. 2.15(a) presents the evolution of the flame tip 
for methane/air/dust burning of equivalence ratio  φ = 0.7  and particle concentration cs=120g/m
3 
for the 2D planar and cylindrical axisymmetric geometries. The particles of two different sizes, 
75 µmsr =  and 10 µmsr = , are employed in Figs. 2.15(a) and 2.15(b), respectively. Figures 
2.16(a) and 2.16(b) are respectively the counterparts of Figs. 2.15(a) and 2.15(b) for the flame tip 
velocity. Figures 2.15 and 2.16 justify the expectation that flame propagation is facilitated by 
(a) (b) 
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combustible dust but it is mitigated by inert dust. It is also noted that small particles, 10 µmsr = , 
Figs. 2.15(b) and 2.16(b), both combustible and combustible + inert, impact flame propagation 
noticeably stronger than that of 75 µmsr = , Figs. 2.15(a) and 2.16(a). In particular, while the 
difference between the cases of no particles and combustible particles is hardly seen for 
75 µmsr =  in the cylindrical geometry, such a difference is substantial for 10 µmsr = , both in 
the 2D-planar and cylindrical-axisymmetric configurations. The difference between the cases of 
no particles and that of combined particles becomes relatively small in the cylindrical geometry. 
Additionally, in accordance with Sec. 2.2, the flame tip velocity attains higher values for the all 
(combustible, inert, combined combustible + inert, and no particles) cases in the cylindrical 
geometry as compared to the 2D one, hence yielding faster flame propagation. Such a qualitative 
and quantitative difference is demonstrated in Figs. 2.15 and 2.16. 
  
Figure 2.15: Evolution of flame tip position  
Ztip  in a homogeneous gaseous environment and in 
the presence of combustible, inert, and combined (combustible + inert) particles in both 2D-
planar and cylindrical geometries for  φ = 0.7 , cs=120 g/m
3 and 75 µmsr =  (a), 10 µmsr = (b).   
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Figure 2.16: Evolution of flame tip position tipU  in a homogeneous gaseous environment and in 
the presence of combustible, inert, and combined (combustible + inert) particles in both 2D-
planar and cylindrical geometries for  φ = 0.7 , cs=120 g/m
3 and 75 µmsr =  (a), 10 µmsr =  (b).   
  
Figure 2.17: Instantaneous flame tip velocities  
Utip (tsph )  and  
Utip (twall )  versus the particle 
concentration c! for combustible, inert and combined particles for  φ = 0.7  and 25 µmsr =  in the 
2D-planar (a) and cylindrical-axisymmetric (b) geometries.  
The effect of particles concentration on the instantaneous flame tip velocity 
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ratio  φ = 0.7  and the particle radius 25 µmsr = . The result is shown in Fig. 2.17, for the 2D (a) 
and cylindrical (b) geometries. Specifically, the flame tip velocities attained at the time instants 
 
tsph  and twall  increase with the concentration of the combustible dust as long as the cs<250g/m
3. 
In contrast, the flame tip velocity diminishes with the concentration of the inert dust. For a given 
particle size and equivalence ratio, the increase or decrease in the combined particles 
concentration does not influence 
 
Utip tsph( ) . For the same particle type,  Utip twall( )  slightly 
increases with the concentration while cs<200 g/m3 but then decreases when cs>200g/m3.  
2.4 Effect of Gas Compressibility 
It is noted that the pilot theory presented through Secs. 2.1-2.3 did not account for certain 
factors occurring in a real coal mine such as turbulence, shock waves and spatial/temporal 
variations of the combustible premixture. Most importantly, the formulation presented in Sec. 2.1 
employed the approach of an incompressible flow, and it was shown that in a 2D geometry, no 
detonation initiation was predicted for methane combustion. However, in the case of propane, the 
detonation occurs for fuel-rich burning, with the equivalence ratios φ  in the range 1 ≤ φ  ≤ 1.2. 
For the cylindrical geometry, this range varied as 0.9 ≤ φ  ≤ 1.2 and 0.8 ≤ φ  ≤ 1.3 for methane 
and propane, respectively. Although propane/air combustion is not the case in coal mines, it was 
included into the previous and present analyses for comparison purposes. A threshold condition 
for DDT is that the maximal attainable burning velocity should be high enough to generate a 
sufficiently strong shock wave ahead of the flame front to cause an auto-ignition of the 
compressed reactants between the shock and the flame [59]. Experimental studies [68, 69] and 
numerous computational simulations of DDT [21, 70] have shown that even for highly-explosive 
mixtures, such as hydrogen/oxygen or ethylene/oxygen, an exponential increase of the flame tip 
velocity stopped much earlier than the sound barrier.  
However, while the incompressible scenario is acceptable to describe the initial stages of 
burning, gas compression certainly becomes substantial by the end of the “finger” stage, when 
the velocity of the flame front may start approaching a near-sonic value. It is recalled, in this 
respect, that gas compression moderates flame acceleration in various configurations [19, 57, 
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71], hence, the same effect is anticipated in the coalmining geometry, and verifying this 
statement constitutes the focus of this section. Specifically, the role of gas compressibility in the 
event of finger flame acceleration in a coalmining passage is quantified, thereby validating the 
incompressible formulations and identifying its limitations. Similar to Sec. 2.1, here the 2D-
planar and cylindrical-axisymmetric configurations are considered. Accordingly, starting with 
gaseous combustion, the analysis is then extended to the gaseous-dusty flows. The impacts of the 
equivalence ratio as well as that of the size and concentration of the coal dust particles on the 
flame evolution are systematically investigated.  
2.4.1 2D Planar Geometry 
Next the analytical formulation of Sec. 2.1.1 is extended to account for small but finite Mach 
numbers based on the methodology of Ref. [57]. However, while a Mach number associated with 
flame propagation, 0/LMa S c= , with 0c  being the initial sound speed in the fresh mixture, was 
constant in Ref. [57], here Ma  depends on time as  
  ( ) ( ) ( ) 10 0/ / /nDLMa t U t c nC t c−= = Θ ,      (2.49) 
where ( )DLU t  is given by Eq. (2.5). The effect of compressibility becomes significant when 
 Ma ≥ 0.3 .	As soon as the combustion process is substantially subsonic, say, 0.3Ma ≤ , the flow 
in the unburnt gas can be treated as isentropic, with the instantaneous density, pressure and 
temperature given by [57, 72] 
  ( ) ( )
( )
( )( ) ( )
2/ 1
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ρ γ
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where / 1.4p vC Cγ = ≈  is the adiabatic index (or heat capacity ratio) and 0 0 0,  ,  P Tρ  the initial 
values in the unburnt gas. Instead of the initial thermal expansion Θ , one now deals with an 
instantaneous (reduced) thermal expansion factor in the form: 
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ϑ t( ) =Θ− γ −1( )Ma t( ) Θ−1( )2 1+ Ztip t( ) / H{ } .      (2.53) 
The 2D continuity equation for small but finite compressibility, ( )/ /u uP t Pγ∇ = − ∂ ∂u , has the 
solution in the burnt gas 
  ( ) ( )1 DLx
U t
u x
H
ϑ= − − , ( ) ( )1 1 DLuz
u
U tPu z
P t H
ϑ
γ
⎛ ⎞∂= − + −⎜ ⎟∂⎝ ⎠
.   (2.54)  
Substituting Eqs. (2.49) – (2.54) into a modified Eq. (2.14), 
 
!Ztip − uz ,2 ϑ t( )( )  ( ) ( )DLt U tϑ= , and 
further neglecting the 2nd-and higher order terms in Ma , eventually the evolution equation can 
be found in the form:    
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2.4.2 Cylindrical Axisymmetric Geometry 
Similarly, the cylindrical-axisymmetric formulation of Sec. 2.1.2 can be extended to include 
compressibility in the same manner as in a 2D-planar geometry. Namely, the flow in the unburnt 
gas can be treated as isentropic, and the instantaneous density, pressure and temperature read:  
  
2/( 1)
,1
0 0
( )( )( ) 11 1 ( ) 2 1
2
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c H
γ
ρ γ α
ρ
−
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,   (2.56) 
  
2 /( 1)
,1
0 0
( )( )( ) 11 1 ( ) 2 1
2
tipzu Z tu tP t Ma t
P c H
γ γ
γ γ α
−
⎛ ⎞ ⎛ ⎞−= + ≈ + +Θ−⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠
,   (2.57) 
  ( )
2
,1
0 0
( )( )( ) 11 1 ( ) 1 2 1
2
tipzu Z tu tT t Ma t
T c H
γ γ α
⎛ ⎞ ⎛ ⎞−= + ≈ + − +Θ−⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠
.   (2.58) 
with the instantaneous (reduced) thermal expansion in the form 
  ( ) ( ) ( )( ) ( ) ( ){ }21 1 1 2 / 1 /tipt Ma t Z t Hϑ γ=Θ− − Θ− + Θ Θ+ .   (2.59) 
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The axisymmetric continuity equation for small but finite compressibility, ( )/ /u uP t Pγ∇ = − ∂ ∂u , 
has the following solution in the burnt gas:  
  
( ) ( )21 DL fr
U t R
u r
H
ϑ= − − , ( ) ( )2
1 2 1 DL fuz
u
U t RPu z
P t H
ϑ
γ
⎛ ⎞∂= − + −⎜ ⎟∂⎝ ⎠
.  (2.60) 
Substituting Eqs (2.49), (2.56) – (2.60) into a modified Eq. (2.22), 
 
!Ztip − uz ,2 ϑ t( )( ) =ϑ t( )U DL t( ) , 
and further neglecting the 2nd- and higher order terms in Ma , the evolution equation is found as 
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Moreover, Eqs. (2.12) and (2.25) for spht  and Eqs. (2.16) and (2.29) for wallt  also can be extended 
to account for gas compression by replacing Θ  with ϑ  such that a flame front contacts the 
passage wall slightly later. However, such an effect was shown to be minor [57]; hence, it is 
neglected here. 
2.5 Results and Discussion (Compressible Flow) 
Equations (2.55) and (2.61) describe the effect of gas compression on finger-flame 
acceleration in a mining passage for the 2D-planar and cylindrical-axisymmetric geometries, 
respectively. These equations have been solved numerically by using a 4th-order Runge-Kutta 
iterative method and compared to the incompressible 2D-planar, Eqs. (2.15) – (2.18) and 
cylindrical-axisymmetric, Eqs. (2.28) – (2.31), formulations, in Figs. 2.18, 2.19, 2.20 and 2.21, 
with 1.4n = , 1.05 mR H= = , and various methane- and propane/air equivalence ratios, 0.63 ≤ ϕ 
≤ 1.4, in all figures. Specifically, Figures 2.18(a), 2.19(a), 2.20(a) and 2.21(a) present the flame 
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tip evolution ( )tipZ t , while Figs. 2.18(b), 2.19(b), 2.20(b) and 2.21(b) show ( )tipU t  in the 
interval 
 
tsph  ≤ t ≤ wallt , i.e. during the entire finger flame scenario for methane- and propane/air 
burning.  
As anticipated, gas compression moderates the acceleration process in all cases. Still, the 
effect is relatively minor for lean and rich mixtures, but it is substantial for near-stoichiometric 
combustion associated with the strongest acceleration and highest flame speeds. Specifically, in a 
2D-planar geometry, Figs. 2.18(a) and 2.19(a), for  φ = 0.63 ,  φ = 1  and  φ = 1.4 , the 
compressibility moderates the maximal flame tip position
 
by 5%, 43% and 15%, respectively, for 
methane/air flames; and by 12%, 53% and 31%, respectively, for propane/air combustion. On the 
other hand, for the cylindrical geometry, Figs. 2.20(a) and 2.21(a), the relative reduction of the 
maximal tipZ  due to gas compression is stronger, being 11%, 61% and 27%, for methane, and 
22%, 69% and 47%, for propane, for  φ = 0.63 ,  φ = 1  and  φ = 1.4 , respectively, in both media. 
This effect is even more notable in Figures 2.18(b) and 2.19(b), for the flame tip velocity, 
tipU , which decreases in a 2D-planar geometry from 288 m/s till 69 m/s
 for the stoichiometric 
methane/air flames, and from 388 m/s till 69 m/s for stoichiometric propane/air combustion. In 
the cylindrical case, Figs. 2.20(b) and 2.21(b), the effect is even stronger: the maximal  
Utip  
decreases from 498 m/s till 70 m/s for stoichiometric methane/air burning, and from 674 m/s till 
66 m/s for the stoichiometric propane/air flames. Among other important consequences of the 
developed compressible analysis, it is noted that the stoichiometric methane- or propane/air 
mixtures show a deceleration trend in Figs. 2.18(b), 2.19(b), 2.20(c) and 2.21(b) for tipU  
before 
the flame skirt contacting the passage sidewalls. In fact, this deceleration (shown by the dotted 
lines) is beyond the limitations of the present theory (assuming a small but finite Ma ) and 
thereby it is associated with a numerical artifact.  
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Figure 2.18: 2D-planar geometry: Comparison of the incompressible and compressible 
formulations: Evolution of the flame tip position tipZ  (a) and its velocity tipU  (b) for the 
methane/air flames of various equivalence ratios:  φ = 0.63; 0.8; 1; 1.4 . 
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Figure 2.19: 2D-planar geometry: Comparison of the incompressible and compressible 
formulations: Evolution of the flame tip position tipZ  (a) and its velocity tipU  (b) for the 
propane/air flames of various equivalence ratios:  φ = 0.63; 0.8; 1; 1.4 . 
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Figure 2.20: Cylindrical-axisymmetric geometry: Comparison of the incompressible and 
compressible formulations: Evolution of the flame tip position tipZ  (a) and its velocity tipU  (b) 
for methane/air flames of various equivalence ratios:  φ = 0.63; 0.8; 1; 1.4 . 
 
 
0
1
2
3
4
5
6
7
8
9
  1/40   1/20   1/10   1/5   2/5   4/5 
Z t
ip 
[m
]
time, tsph ≤ t ≤ twall  [sec]
Methane (Comp.)
Methane (Inc.)
ϕ=0.63 
ϕ=0.8 
ϕ=1.4 
ϕ=1.0 
(a)
0
100
200
300
400
500
600
700
800
  1/40   1/20   1/10   1/5   2/5   4/5 
U t
ip 
[m
/s]
time, tsph ≤ t ≤ twall  [sec]
Methane (Incomp.)
Methane (Comp.)
(b) 
ϕ=0.8 
ϕ=1.0
ϕ=1.4 
ϕ=0.63 
	
	
46	
  
 
Figure 2.21: Cylindrical-axisymmetric geometry: Comparison of the incompressible and 
compressible formulations: Evolution of the flame tip position tipZ  (a) and its velocity tipU  (b) 
for the propane/air flames of various equivalence ratios:  φ = 0.63; 0.8; 1; 1.4 . 
Figure 2.22 compares the 2D-planar and cylindrical-axisymmetric geometries for the same 
thermal-chemical methane/air parameters. Specifically, the flame tip position, tipZ , Fig. 2.22(a), 
and velocity, tipU , Fig. 2.22(b), are compared in the cases of lean ( φ = 0.6 ) and rich ( φ = 1.4 ) 
methane/air mixtures. It is seen that the impact of compressibility is higher for the rich methane/ 
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air, due to a higher flame propagation velocity. Overall, the effect of compressibility is stronger 
in the cylindrical geometry. 
 
 
Figure 2.22: Comparison of the incompressible and compressible formulations for the 2D 
planar and cylindrical geometries: Evolution of the flame tip position tipZ  (a) and its velocity 
tipU  (b) for the lean ( φ = 0.6 ) and rich ( φ = 1.4 ) methane/air flames. 
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The most important conclusion of Figs. 2.18(b) – 2.22(b) is that the flame tip no longer attains 
the sound speed regardless of a configuration (2D or cylindrical), of a fuel (methane or propane) 
and composition (lean, stoichiometric or rich) during the stage of finger flame acceleration. It is 
presumed that other factors such as turbulence can be responsible for the detonation initiation 
after the termination of “finger” acceleration. As a result, the present study constitutes an 
important revision on the incompressible flow scenario and qualitatively agrees with the 
computational and experimental predictions from the literature.		
To extend the analysis from gaseous to gaseous-dusty combustion, Figs. 2.23 and 2.24 
demonstrate the effect of gas compression on flame acceleration in the presence of combustible 
dust particles for the 2D-planar and cylindrical geometries, respectively. Namely, the small 
( )10 µmsr =  and relatively larger ( )75 µmsr =  coal particles are considered, with  φ = 0.7  and 
cs=120g/m3 in both cases. The event of no particles is also presented. For comparison, the results 
of the incompressible formulation are also shown. Overall, it is seen that the combustible dust 
promotes the flame velocity, and the smaller the particles, the stronger acceleration is. According 
to Fig. 2.23(a), the relative reduction in ( )tip wallZ t , due to gas compression, is 18% for 
10 µmsr = , 14.4% for 75 µmsr =  and 13.6% for the event of no dust. As for the flame tip 
velocity, Fig. 2.23(b), the relative reduction in ( )tip wallU t  constitutes 51% for 10 µmsr = , 34% 
for 75 µmsr =  and 32% for no dust. Figure 2.24 is a counterpart of Fig. 2.23 for the cylindrical-
axisymmetric geometry. In Fig. 2.24(a), the relative reduction in ( )tip wallZ t  due to gas 
compression is 39% for 10 µmsr = , 27% for 75 µmsr = , and 26% for the event of no dust. As 
for the flame tip velocity, Fig. 2.24(b), the relative reduction in ( )tip wallU t  constitutes 68% for 
10 µmsr = , 50% for 75 µmsr =  and 48% for no dust. Consequently, gas compression moderates 
methane/air/coal-dust flame acceleration, and the effect appears even stronger than that for 
gaseous combustion.  
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Figure 2.23: Comparison of the incompressible and compressible formulations for the 2D-
planar geometry: Evolution of the flame tip position tipZ  (a) and its velocity tipU  (b) for the 
methane/air flames of the equivalence ratio  φ = 0.7  in the presence of combustible dust of the 
concentration cs=120g/m3 and the mean particle radii 10 µm; 75 µmsr = . 
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Figure 2.24: Comparison of the incompressible and compressible formulations for cylindrical 
geometry: Evolution of the flame tip position tipZ  (a) and its velocity tipU  (b) for the methane/air 
flames of the equivalence ratio 0.7φ =  in the presence of combustible dust of the concentration 
cs=120g/m3 and the mean particle radii 10 µm; 75 µmsr = . 
The maximal flame tip position and velocity attained during finger flame acceleration, i.e. 
when the flame skirt contacts the passage wall, ( )tip wallZ t  and ( )tip wallU t , are presented versus the 
particle concentration in Fig. 2.25, for 25 µmsr =  and  φ = 0.7  in the 2D-planar and cylindrical-
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axisymmetric geometries. Here, Figs. 2.25 (a, b) are devoted to the combustible particles, while 
the case of inert particles is shown in Figs. 2.25 (c, d). It is readily seen that unlike the particle 
size, the influence of concentration on the flame dynamics is weaker: the effect is minor for 
combustible dust, and it is moderate for inert particles. 
Finally, the flame evolutions in the situations of no dust, combustible dust, inert dust, and 
their combination are compared in Figs. 2.26 and 2.27 for the 2D-planar and cylindrical-
axisymmetric geometries, respectively, for  φ = 0.7 , cs=120g/m
3, and 25 µmsr =  in both figures. 
It is observed that the combustible and inert particles provide noticeable deviations from the no-
dust curves by promoting (combustible dust) or moderating (inert dust) flame acceleration. When 
both combustible and inert particles are present in the mixture, their impacts oppose each other 
such that their net effect resembles that of no dust. Still, the relative effect of the combustible 
dust exceeds that of the inert one. The influence of gas compression is also seen. Quantitatively, 
in a 2D-planar geometry, Fig. 2.26(a), the relative reduction in ( )tip wallZ t  due to gas compression 
is 14% for no dust, 10% for the inert dust, 17% for the combustible dust and 13% for their 
combination. As for the associated flame tip velocity, Fig. 2.26(b), here gas compression 
provides the relative reduction in ( )tip wallU t  of 32% for no dust, of 23% for the inert dust 
particles, of 39% for the combustible particles, and of 30% for their combination. As for the 
cylindrical-axisymmetric geometry, Fig. 2.27, ( )tip wallZ t  reduces by 25% for no dust, by 19% for 
the inert dust, by 31% for the combustible dust and by 24% for their combination, as shown in 
Fig. 2.27(a). Similarly, ( )tip wallU t , Fig. 2.27(b), reduces due to gas compression by 48% for no 
dust, by 36% for the inert dust, by 56% for the combustible dust and by 45% for their 
combination. If the mixture composition approaches the stoichiometry,  φ = 1 , then the relative 
reduction in tipZ  and tipU , due to gas compression, is expected to increase as discussed in the 
previous section.  
Finally, the effect of geometry is shown in Fig. 2.28 for the combustible and inert particles. It 
is seen that the impact of gas compression is stronger in the cylindrical geometry. Additionally, 
during the time  twall - spht , a flame elongates more strongly in the cylindrical geometry than in the 
2D one, and this range is smaller for the combustible particles due to the ability of fast pyrolysis.   
	
	
52	
  
 
  
Figure 2.25: Comparison of the incompressible and compressible formulations for the 2D-
planar and cylindrical-axisymmetric geometries: the maximal coordinate ( )tip wallZ t  (a, c) and 
velocity ( )tip wallU t  (b, d) versus the combustible (a, b) and inert (c, d) particle concentration for 
 φ = 0.7  and the mean particle radii 25 µmsr = . 
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Figure 2.26: Comparison of the incompressible and compressible formulations for the 2D-
planar geometry: Evolution of the flame tip position tipZ  (a) and its velocity tipU  (b) for the 
methane/air flames of equivalence ratio  φ = 0.7  in the presence of the combustible, inert and 
combined particles of the concentration cs=120g/m3 and the mean particle radius 25 µm.sr =  
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Figure 2.27: Comparison of the incompressible and compressible formulations for the 
cylindrical-axisymmetric geometry: Evolution of the flame tip position tipZ  (a)  
and its velocity tipU  (b) for the methane/air flames of the equivalence ratio  φ = 0.7   
in the presence of combustible, inert and combined particles of the concentration cs=120g/m3  
and the mean particle radius 25 µm.sr =  
0
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Figure 2.28: Comparison of the incompressible and compressible formulations for the 2D-
planar and cylindrical-axisymmetric geometries: evolution of the flame tip position tipZ  (a) and 
its velocity tipU  (b) for the methane/air flames of the equivalence ratio  φ = 0.7  in the presence of 
the combustible, inert and combined particle of the concentration cs=120g/m3 and the mean 
particle radius 25 µmsr = . 
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Last, it is noted that different motions of dust participles may influence the flame evolution. 
Moreover, the distribution of the velocities of the particles will lead to a non-uniform distribution 
of the dust concentration, thereby creating a certain spatial distribution of the local burning 
properties, such as that of equivalence ratio sφ , laminar flame velocity LdS , , etc. In fact, the coal 
dust distribution is typically non-uniform in coal mines and a stationary dense coal dust layer 
may spread through the bottom of a passage. In particular, a gaseous-based detonation wave may 
produce a strong shock that can lift and entrain the dust layer. Over time, the shock weakens, but 
the shock-heated fluid is ignited by the lifted dust, which initiates a secondary combustion 
process [73]. Such a lifted dust layer may resemble a linear, cubic, or even parabolic distribution 
of the dust concentration in space, due to the different energy levels of complex magnetic forces. 
The impact of these local spatial variations of the burning properties on the global flame 
propagation scenario will be presented in the following Secs. 3 and 4, and is the topic of papers 3 
and 4.  
First, the question of local variation of flame speed LS  is addressed from a fundamental point 
of view, by incorporating the spatial functions, including the linear, cubic and parabolic 
distributions mentioned above, instead of a constant LS , specifically in the finger flame 
acceleration mechanism (Sec. 3). Second, from a practical point of view, propagation of a 
gaseous-dusty premixed flame front in a channel, resembling a methane/air fire scenario in a coal 
mine, is studied by means of computational simulations for a certain set of parameters. 
Specifically, flame acceleration due to wall friction is analyzed for homogenous, linear, cubic 
and parabolic distributions (Sec. 4).   
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3. Effect of Spatial Variations of the 
Laminar Flame Speed		on the Global 
Finger-Flame Acceleration Scenario 
The majority of theories associated with the variety of flame acceleration scenarios are based 
on the “geometrical formulation”: namely, the wrinkled-to-planar flame velocities ratio,  Uw / SL , 
is evaluated as the respective corrugated flame surface area scaled by the planar one, while the 
entire combustion chemistry is immersed into  SL . The latter has conventionally been considered 
as a constant, depending on the thermal-chemical properties of the fuel mixture only, irrespective 
of the configuration and hydrodynamics [18, 32]. However, in the practical reality, the value of 
 SL  may experience spatial and temporal variations, caused by numerous factors such as heat loss 
[74], non-uniform distribution of the equivalence ratio [75], pressure and temperature variations 
[76, 77] or, as in coal mines, due to the local variations of the coal dust and/or rock dust 
impurities [30, 78]. 
In fact, variations of the planar flame speed have been addressed in a number of studies. In 
particular, Grune et al. [79, 80] analyzed, experimentally, deflagration-to-detonation transitions 
in stratified hydrogen-air mixtures in a semi-confined geometry with various linear hydrogen 
concentration gradients. Shi et al. [81] showed the effect of stratification on the laminar flame 
speed by means of a numerical analysis of the local fuel consumption, burnt gas expansion, as 
well as the hydrodynamic effects of the flow velocity variations. Hemchandra and Lieuwen [82] 
demonstrated a significant role of the local spatial variations of the consumption flame speed, 
along the flame front, in the presence of turbulence. However, none of these works provided 
guidance on how to combine local and global flame dynamics, and the controlling strategies to 
prevent or promote flame acceleration need rigorous quantitative assessment of the impacts of 
local  SL -variations on the global flame front morphology and propagation speed  Uw .  
To address this demand, this section initiates a systematic research how to incorporate local 
planar flame speed variations into the formulations on the global, corrugated flame velocity in 
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the situations when the  SL -distribution is externally imposed, being a free functional employed 
in the formulation. The present work is the first step in this direction. Specifically, here we focus 
on the mechanism of flame acceleration associated with a finger-like shape of the flame front at 
the initial stages of burning in tubes; the impact of  SL -variations on the other acceleration 
mechanisms such as that due to wall friction will be presented in Sec. 4, by means of 
computational simulations of the compressible hydrodynamic and combustion equations in the 
presence of combustible coal particles. 
The present dissertation extends the finger flame formulation [32] to account for the local 
variations of the planar flame speed  SL . Starting with  SL = const , the linear, parabolic and 
hyperbolic spatial  SL - distributions are subsequently included into the analysis. Thereby, the 
theory of flame acceleration due to a finger-like flame shape for the 2D and cylindrical 
geometries is developed, accounting for the  SL -variations.  
3.1. Analytical Formulation 
While an analysis of realistic  SL -distributions occurring in practice would require further 
details, we start with the simplest distributions allowing for an analytic consideration, and 
compare them to a situation where  SL = SL
0 = const . In our study, the local flame velocity at the 
sidewall always exceeds zero, otherwise a flame skirt would never contact the sidewall, which 
would be unphysical and yield unlimited flame acceleration. Specifically, linear, parabolic and 
hyperbolic  SL -distributions in the 2D planar and cylindrical axisymmetric geometries are 
employed,  
0( / )L LS S a r Rς= − ,    
0 2( ( / ) )L LS S a r Rς= − ,   
0 2tanh( ( ( / ) )) / tanhL LS S a a r R aς⎡ ⎤= −⎣ ⎦ ,  (3.1) 
where  SL
0  would be the referenced planar flame speed in the case of uniform  SL -distribution 
while a  and ς  are the free parameters of the formulation. In particular,  a = 1 and  ς = 0.8   are 
employed to provide strong acceleration near the tube centerline but weak acceleration near the 
wall, thereby moderating global flame acceleration. In contrast, to promote flame spreading at 
the sidewall while moderating it at the centerline,  a = 0.2 ,  ς = −0.8  are taken. 
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The distributions (3.1) are presented in Fig. 3.1. While a linear distribution is the most 
encountered distribution in many studies [73, 79, 80], the distributions (3.1) are focused for the 
following reasons: first being simple from the analytical viewpoint, these distributions can 
actually be of practical relevance. Second, the planar flame speed depends on the major thermal 
parameters (such as the Lewis number, Le, thermal conductivity,  ku , fuel concentration χ , 
density ρ , burnt temperature  Tb , etc.) as  SL ∝ f (Le,ρ,ku ,χ )exp(−Ea / RTb ) . Therefore, any 
linear variation of Le, ρ ,  ku , or χ  (under the squareroot) corresponds to a hyperbolic-like  SL -
function. Similarly, any local temperture variations in the exponential term can generate a 
parabolic-like variation of the laminar flame speed. This situation may also justify the physical 
interpretation of our distribution functions. It should be noted that these distributions do not have 
the same averaged flame speed across the cross section since the current aim of this study is to 
analyze the effect of diffirent ditributions.  
	
Figure 3.1: Schematic of various  SL - distributions, Eq. (3.1): (a) constant, (b) linear, (c) 
tangential-hyperbolic, (d) parabolic (promotion along the axis,  a = 1,  ς = 0.8 ),  
and (e) parabolic (promotion through wall,  a = 0.2 ,  ς = −0.8 ). 
A flame propagating in a 2D channel or a cylindrical tube of radius (half-width) R is 
considered with slip adiabatic walls and with one end closed, as illustrated in Fig. 2.1 (see Sec. 
2.1). The ignition point is at the closed end at the symmetry axis (centerline). Next, the  SL -
dependences, Eq. (3.1), are incorporated into the theory of finger flame acceleration for 2D and 
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axisymmetric cylindrical cases. Although some analytical formulations of finger flame 
acceleration mechanism were presented in the Sec. 2, for the convenience of the reader, a few of 
are also repeated here.  
3.1.1 2D Planar Geometry 
To develop a 2D finger flame formulation, the incompressible continuity equation is considered:  
/ / 0x zu x u z∂ ∂ +∂ ∂ = ,         (3.2) 
with the boundary conditions uz |z=0= 0 , ux |x=x f = 0 . A conventional (Landau) approach of an 
infinitesimally thin flame front is adopted. A similar coordinate system is used for the analyses 
as illustrated in Fig. 2.4. Assuming a potential flow in the fuel mixture (label “1”), one can find 
the flow velocity components from continuity equation (3.2):   
,1 1( )zu A t z= ,    ( ),1 1( )xu A t R x= − ,      (3.3) 
The counterpart of Eq. (3.3) in the burnt matter reads 
uz ,2 = A2 (t)z ,   ux ,2 = −A2(t)x
.       (3.4)  
It is noted that while the flow is generally rotational in the burnt matter (with singularity 
occurring), due to a curved flame shape, this flow can be treated as potential close to the end-
wall, where the flame front is locally planar. Hence, the baroclinic effects due to the local 
perturbation can be neglected in that region. The matching conditions at the flame front are 
,1 ,1 ,2 ,1 ,2/ ( ),            ( 1) ( ),               .f x L f x x L f z zdx dt u S x u u S x u u− = − = Θ− =   (3.5) 
Here, the 1st equation specifies a locally-variable flame propagation speed with respect to the 
fuel mixture, the 2nd describes the jump of the normal velocity, and the 3rd shows the continuity 
of the tangential velocity. Together, Eqs. (3.3) – (3.5) yield ( ) RtxSAA fL /))((121 −Θ==  such 
that the evolution equation for the flame skirt position, 
 
x f , reads:   
1)
( )f fL f
dx x
S x
dt R
Θ−⎛ ⎞
= Θ−⎜ ⎟
⎝ ⎠
.       (3.6) 
Similarly, one can also find the evolution equation for the flame tip position, 
 
Ztip , by considering 
the flow along the channel centerline, 0=x , similar to Eq. (3.6), and with Eq. (3.4) for uz ,2 : 
 
dZtip
dt
− uz ,2 =
dZtip
dt
− Θ−1( )SL(x f )
Ztip
R
=ΘSL
0 .     (3.7) 
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In fact, Eq. (3.7) describes propagation of the flame tip with respect to the burnt matter. It is 
noted that this equation is applicable as long as the flame tip is at the centerline, such that the 
flame front is locally planar therein and the flow in the burnt matter can be treated as a potential 
flow. However, this is not the case if the tip is far from the centerline, because flow is rotational 
in the mean that event.   
3.1.2 Cylindrical Axisymmetric Geometry 
Here, the 2D formulation above is reproduced for the axisymmetric geometry. The 
cylindrical axisymmetric continuity equation for the incompressible flow reads [32] 
( )
( )
0r z
ru u
r r z
∂ ∂+ =
∂ ∂
,                                  (3.8) 
with the boundary conditions 0| 0z zu = = ,  
ur |r=rf = 0 . Similar to the 2D case, assuming a potential 
flow in the fuel mixture, the axial and radial flow velocity component can be found from Eq. 
(3.8) as:   
,1 1( )zu A t z= ,   ( )
1
,1 2 2 1
( )
2 ( )r
A tu
R r r−
=
−
.     (3.9)  
Their counterparts in the burnt matter are  
2
,2
( )
2r
A t ru −= ,  uz ,2 = A2 (t)z ,      (3.10)  
and the matching conditions are the same as in 2D, Eq. (3.5). Then 21 2 2( 1) ( ) /L f fA A S r r R= = Θ−  
such that the flame “skirt” evolution equation reads  
2
2
( 1)
( )f fL f
dr r
S r
dt R
⎛ ⎞Θ−
= Θ−⎜ ⎟⎜ ⎟⎝ ⎠
.       (3.11) 
It is noted that )(trr ff = . One can also find the evolution equation for the flame tip by 
considering the flow along the centerline, 0=r , similar to the 2D case, where the flame front is 
locally planar and flow in the burnt matter is a potential flow,   
 
dZtip
dt
−
2(Θ−1)SL(rf )rf
R2
Ztip =ΘSL
0 .       (3.12) 
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3.2 Results and Discussion  
Next, various spatial dependences of the laminar burning velocity are incorporated into the 
final evolution equation of the flame skirt and tip, namely,  
SL(x f )  into Eqs. (3.6) and (3.7) in a 
2D geometry and  
SL(rf )  into Eqns. (3.11) and (3.12) in a cylindrical-axisymmetric 
configuration. In each geometry, the final set of equations has been solved numerically by using 
a 4th-order Runge-Kutta iterative method, with 8Θ = , typical for hydrocarbon flames [2, 17], 
employed in all cases. 
Figure 3.2 presents the time evolution of the scaled flame skirt position, Rx f / , Fig. 3.2(a), 
and the scaled flame tip position, 
 
Ztip / R , Fig. 3.2(b), as well as the scaled flame tip velocity, 
 
Utip / SL , Fig. 3.2(c), and its scaled acceleration 0 2/ ( )tip La R S , Fig. 3.2(d) in a 2D planar geometry, 
with various  SL -distributions compared in each plot. Here  Utip =
!Ztip ,  atip =
!!Ztip , and the scaled 
time is given by 0 /Lt S Rτ = × . According to Fig. 3.2(a), the flame skirt will reach the wall in the 
promptest manner for the constant velocity distribution,  SL = SL
0 = const , as compared to other 
distributions; followed by the hyperbolic, parabolic and liner velocity distributions, respectively. 
This is also true for the evolution of the flame tip velocity shown in Fig. 3.2(c). The finger-flame 
acceleration mechanism stops when the flame skirt contacts the wall, 1/ =Rx f . The maximum 
flame tip position at this time, among various  SL -distributions, is found for the linear distribution 
(simply because the process takes the longest time in that case); followed by the parabolic, 
hyperbolic and constant  SL -distributions, respectively. The largest flame tip velocity in Fig. 
3.2(c) is observed for the linear case followed by hyperbolic and parabolic cases, respectively. 
Figure 3.2(d) shows the evidence of strong acceleration for all considered functions. Indeed, for 
a typical hydrocarbon flame [2] this flame tip acceleration exceeds gravity acceleration by a 
factor of ~103.  
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Figure 3.2: 2D geometry: Evolution of the scaled flame skirt position (a), flame tip position (b), 
flame tip velocity (c), and flame tip acceleration (d) versus scaled time, 0 /Lt S Rτ = × , for the 
constant, liner, hyperbolic and parabolic  SL - distributions. 
Figure 3.3 is a counterpart of Fig. 3.2 for the cylindrical-axisymmetric geometry. It is seen 
that the 2D and axisymmetric results qualitatively agree, but they differ quantitatively providing 
larger quantities for the latter case, which is consistent with the results of Sec. 2.2. Indeed, 
according to Fig. 3.3(a), the flame skirt contacts the wall in the fastest way for the constant 
velocity distribution, followed by the hyperbolic, parabolic and linear velocity distributions. 
Again, the flame acceleration mechanism stops when 1/ =Rrf . 
(c)	
(d)	
(a)	
(b)	
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Figure 3.3: Axisymmetric geometry: Evolution of the flame skirt position (a), flame tip position 
(b), flame tip velocity (c), and flame tip acceleration (d) versus scaled time, 0 /Lt S Rτ = × , for the 
constant, liner, hyperbolic and parabolic  SL - distributions. 
One of the key observations is moderation of the acceleration regime for the non-uniform  SL
-distributions as compared to the  SL = SL
0 = const  case. Indeed, while exponential flame 
acceleration for constant  SL  in both 2D and cylindrical geometries is observed, the acceleration 
trend moderates to a linear one for non-uniform  SL . It is also noted that the maximum scaled 
flame tip velocity is observed in the cylindrical geometry for constant velocity distribution, and it 
is ~115 SL , which still obeys the approach of an incompressible flow for typical hydrocarbon 
flames (indeed, the speed of sound to the laminar burning velocity ratio,  c0 / SL ~ 10
3  for such 
flames). However, for highly reactive mixtures, such as hydrogen- and/or ethylene-oxygen 
(a) 
(b) 
(c) 
(d) 
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flames, the respective flame tip velocity would approach the speed of sound, as such applying 
compressible flow characteristics would be imperative [57].  
Overall, it is seen from Figs. 3.2 and 3.3 that the evolutions of the flame shape, location and 
velocity differ for various functions describing the spatial  SL -distributions. Consequently, by 
manipulating and imposing these functions, one can potentially be able to control the flame 
propagation mechanisms. It is noted again that, among the  SL -distributions considered in this 
work, the uniform distribution provides the fastest flame acceleration followed by the hyperbolic 
distribution. The latter has the largest elongation through the upper and lower branch of the 
flame; see Fig. 3.1(c). As a result, the flame surface area increases more than that for other non-
uniform  SL -distributions, thereby enhancing flame propagation.  
To better understand the effect of geometry, both the 2D and axisymmetric configurations are 
compared in Fig. 3.4, with the flame tip positions and velocities depicted in Fig. 3.4(a) and Fig. 
3.4(b), respectively. Here, the constant and parabolic  SL -distributions are employed in both 
cases. It is seen that flames propagate/accelerate faster in the cylindrical-axisymmetric geometry 
as compared to a 2D-planar configuration. For the parabolic  SL -distribution, the choice of 
geometry influences the scaled flame tip velocity significantly, indeed, for the cylindrical 
geometry is almost two times higher than in the 2D one. This result agrees well with Sec.2.2. 
	
Figure 3.4: Comparison of the 2D-planar and cylindrical axisymmetric cases for the constant 
and parabolic velocity distributions: Evolution of the flame tip position (a) and its velocity (b) 
versus scaled time, 0 /Lt S Rτ = × . 
(a) 
(b) 
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In fact, various  SL -distributions with various selected free parameters  a  and ς  can either 
promote or moderate flame acceleration scenario as discussed earlier. All the distributions of Eq. 
(3.1) moderate flame acceleration as compared to the  SL = SL
0 = const  case. Indeed, they provide 
stronger acceleration through the axis, but weaker acceleration through the wall and, as a result, 
moderate the global flame dynamics. This is oftentimes the case in the practical reality, for 
instance, in the pipe-like combustors exhibiting heat losses through their walls and thereby 
providing slower flame spreading along the wall, but with a higher temperature and flame speed 
through the centerline. However, flame acceleration can potentially be weaker through the axis, 
with the promotion through the wall segments, say, as it is oftentimes observed in coal mines. 
Remember, in that case, there are combustible coal dust particles, distributed along the tunnel 
wall, which can promote flame acceleration nearby the wall region (at least for certain ranges of 
dust particles sizes and concentrations). In order to consider the promotion of flame propagation 
through the wall and its moderation through the centerline, a parabolic function of Eq. (3.1) can 
be modified as  
* 0 2(0.2 ( / ) )L LS S x Rς= + .              (3.13) 
In particular,  ς = 0.8  is employed. In that case, the flame exhibits the earlier defined reference 
speed  SL
0  at the wall and  0.2SL  at the axis, which are exactly opposite to Eq. (3.1). Again, it is 
noted that these  a  and ς  are free parameters of problem and were chosen arbitrarily. The 
parabolic and constant  SL -distributions in that case are compared in Fig. 3.5 for  
Ztip  (a) and  Utip , 
(b). Based on Fig. 3.5, one arrives to the following physical interpretation: when Eq. (3.1) 
(yielding the promotion of flame propagation through the centerline and its moderation through 
walls) is employed, the larger flame surface area is observed through the wall segments, but the 
local flame speed is lower through the upper and lower sthe ide walls. On the other hand, Eq. 
(3.13) is used again, promoting the flame spreading through the wall and moderating it through 
the centerline. While the larger surface area is observed through the wall region, this time the 
local flame speed is higher through the wall regions as well. Since the burning rate is 
proportional to flame surface area, the highest flame tip velocity is obtained for SL
*  of Eq. (3.13), 
even the same (parabolic) type is employed with the same magnitudes but locally opposite. 
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Figure 3.5: 2D geometry: Evolution of the flame tip position (a) and velocity (b) versus scaled 
time, 0 /Lt S Rτ = × . 
A relevant practical application to consider is the risk of fire in a coal mine with a dusty 
atmosphere. A detailed analytical predictive mining fire scenario was presented in Sec. 2 by 
assuming a homogeneous distribution of the coal dust particles. To account for the combustible 
and/or inert dust particles in a global flame-spreading scenario, the Seshadri formulation [30] can 
be employed for the spatial variation of the flame velocity. Various non-uniform dust distribution 
gradients can be employed into the concentration term, ns , such as linear, hyperbolic, parabolic 
and other functions of the radial coordinate of a mining passages,  ns(x) . This situation will be 
studied in the next section by means of computational simulations of the compressible 
hydrodynamic and combustion equations for a particular set of parameters as a more specific 
demonstration of local variation of flame speed.     
 
 
 
  
(a) (b) 
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4. Computational Study of Gaseous – 
Dusty Combustion with Various Dust 
Distributions 
There is a serious demand from industries dealing with explosive materials for a better 
understanding of the various scenarios and mechanisms which lead to accidental explosions. In 
the case of coal mine industry, which globally has one of the highest injury and fatality rates, 
accidental explosions of flammable gases due to the presence of the combustible dust impurities 
may result in injuries and deaths of personnel, as well as the destruction of expensive equipment. 
With this issue in mind, in Sec. 2 a novel predictive scenario of a burning accident in a mining 
passage has been developed.  
While combustion of gaseous fuels and combustible dust particles have been studied 
reasonably well, see Sec. 2 for a detailed literature review, flame propagation in a combined 
gaseous-dusty environment, especially with a non-uniform dust distribution in a gas, remains an 
enigma that commands both fundamental and practical interests. This section focuses on the 
effects of  SL -variations on flame acceleration due to wall friction in a gaseous-dusty mixture. 
Specifically, the computational simulations of the reacting flow equations, with a fully-
compressible hydrodynamics and Arrhenius chemistry are performed, with the combustible coal 
dust particles incorporated into the original (gaseous) computational platform by means of Eq. 
(2.44). Namely, a real gaseous-dusty environment is replaced by an “effective fluid” with the 
locally-modified, dust-induced flow and flame parameters. Keeping a coal mine passage in mind, 
flame propagation in a channel with a large aspect ratio is considered. Here, various spatial 
distributions of the coal dust concentration are studied, namely: (a) homogenous, (b) linear, (c) 
cubic and (d) parabolic. While a homogenous dust distribution simply provides a scaling factor 
as compared to purely gaseous combustion [17], the non-uniform distributions are anticipated to 
provide qualitatively new features.	 This section investigates how the dust distribution in a 
coalmining passage may influence the flame evolution, flame shape, and propagation velocity. 
The parametric study includes a variety of gradient forms for the dust distribution. It is identified 
whether a particular dust distribution facilitates or inhibits the flame acceleration process. 
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One step of the present thesis is the initial development a Dust-Gas Explosion Model (D-
GEM) – a computational platform capable of quantifying mining fire hazards, namely, the 
probability of spontaneous ignition, the evolution of a flame front, and the likelihood of a 
deflagration-to-detonation transition (DDT). Most CFD explosion models, such as ANSYS-
Fluent and STAR-CCM, are fairly expensive, and do not permit the viewing or modification of 
the source code [83]. Some noticeable codes that have been used in gas-dust combustion studies 
are COBRA [84], EXSIM [85], FLACS [86], REAGAS [87], and FLARE [88], which utilize 
empirical correlations between laminar and turbulent burning velocities. Recently, a code 
capable of modeling dust explosions has been developed by GexCon called DESC [89]. 
However, the code is still in its experimental stages and has not been validated extensively. 
Moreover, although the code claims to solve for dust explosions, it utilizes a turbulent burning 
velocity correlation from Abdel-Gayed et al. [90] which was developed only for gas explosions. 
Switching from a homogeneous to a gaseous-dusty environment may substantially modify (or 
even break) the very empirical dependence, and thereby requires a qualitatively new 
consideration.	 
It should also be noted that there are considerable discrepancies between the flame 
formulations based on the empirical considerations used in existing CFD codes, and formulations 
obtained from the fundamental principles [91–93]. The latter oftentimes disagrees with the 
experiments because of some realistic phenomenon omitted in the considerations. Our goal is to 
bridge the gap by accounting for a realistic effect of local variation of the coal dust distributions 
on the morphology and dynamics of flame acceleration from both a fundamental and practical 
point of view.  
4.1. Flame Acceleration due to Wall Friction (a.k.a the 
Shelkin Mechanism) 
One of the well-known mechanisms of flame acceleration is that by Shelkin [1], which 
associates flame acceleration with nonslip boundary conditions at the walls. This mechanism is 
illustrated in Fig. 4.1. Specifically, as a flame front propagates from a closed tube/channel end, 
the burning matter expands pushing a flow of the fresh fuel mixture. Friction at the pipe walls 
makes the flow non-uniform, which bends the flame front, and increases its velocity thus 
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yielding the associated acceleration. In this acceleration mechanism, the flow is assumed to be 
laminar and turbulence plays only a supplementary role. Acceleration is unlimited in time, and 
may continue until detonation initiation.   
 
Figure 4.1: Flame acceleration due wall friction (a.k.a the Shelkin mechanism). 
The Shelkin idea was subsequently developed and quantified by the analytical formulation 
and extensive computational simulations of Bychkov et al. [17] for 2D channels. Later on, 
Akkerman et al. [18] extended the analyses for cylindrical tubes. The work was able to predict an 
initially exponential state of flame acceleration, flame shape and, the velocity profile of the 
generated mixture flow.  
4.2. The Computational Platform 
In this section, the computational platform is described. An Eulerian computational platform 
is used, which core was originally developed by Lars-Erik Eriksson at Volvo Aero and consists 
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of a fully-compressible finite-volume Navier-Stokes code solving for hydrodynamics and 
combustion equations in a gaseous environment. The code is based on cell-centered finite 
volume scheme. It is the 2nd-order accurate in time, 4th-order accurate in space for the convective 
terms, and 2nd-order accurate in space for the diffusive terms. The platform is adapted to parallel 
computations (Open MPI) and has been successfully validated on numerous complex reacting-
flow and aero-acoustic problems [7, 11, 17, 58]. The validation of the numerical approach has 
been performed and compared with exact solutions of flame dynamics [94]. More details about 
the computational platform can be found in the Ref. [95]. 
4.2.1 The Governing Conservation Equations 
 The basic governing equations read 
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∂ ∂
,         (4.1) 
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where Y  is the mass fraction of the fuel mixture,  ε = QY +CvT  the internal energy,  h = QY +CpT
 
the enthalpy, Q  the energy release in the reaction, and vC , PC  the specific heats (assumed 
constant) at constant volume and pressure, respectively. A single irreversible first-order 
Arrhenius reaction is considered, with the activation energy  Ea  and the constant of time 
dimension Rτ . The stress tensor ji,γ  and the energy diffusion vector iq  are given by 
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where ρνζ ≡  is the dynamic viscosity, Pr  and Sc are the Prandtl and Schmidt numbers, 
respectively. The burned and unburned gases are assumed as an ideal gas and have the identical 
molecular weights. Hence the equation of state is 
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P = ρ
Ru
M
T ,          (4.6)  
where M is molar weight. The heat release in the reaction can be calculated as ( )1p fQ C T= Θ−
 
for given thermal expansion coefficient. The current analysis uses the moderate activation energy 
( 4bE RT = ) to spread the activation zone over several computational cells [95].  
The unstretched laminar burning velocity  SL  depends on three major chemical parameters of 
the fuel:  Q ,  Ea  and  τ R . Predefining  Q  and  Ea ,  τ R  can be found such that  Ma≪1. In fact, the 
laminar burning velocity is the solution of eigenvalue problem determined by the boundary 
conditions. For the detailed solution procedure, one can see the Ref. [96]. It can be understood 
that all these quantities ( Q , aE  and  τ R ) were fixed over the entire computational domain. In this 
dissertation, the eigenvalue problem is solved in each local point, such that in each local point 
different  SL 	values are obtained	by varying  τ R  in the space in radial direction, but keep  Q  and 
 Ea  constant. Alternatively, it could be done vice versa. 
4.2.2 The Numerical Scheme 
All the basic equations (4.1) – (4.4) can be expressed also in differential conservative form as 
    
1 2
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and                
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For all simulations, the flame was initiated in the form of an initially planar front propagating 
in a semi-open channel from the closed end to the open one. The Zeldovich-Frank-Kamenetsky 
(ZFK) analytical solution [26] is used to obtain planar flame front as our initial condition. The 
walls are adiabatic and nonslip 
nˆ.   0T∇ = ,  u = 0 ,        (4.10) 
where nˆ  is a normal vector perpendicular to the side walls. Additionally, to avoid weak shock 
and sound waves, the nonreflecting boundary conditions are selected at the open end of the 
channel since such an effect could have an influence on the burning and flame acceleration 
mechanism [17, 95].  
As shown in Fig. 4.2, the Eulerian mesh is non-uniform, rectangular and structured, and a 
self-adaptive grid. The computational domain consists of four parts: two gradually (5%) 
increasing non-uniform (closed and open ends) and two uniform grids. The flame and flame-
generated pressure wave are situated at the center with two fine-grid regions. The flame moves 
with the fine grid zone. In order to have a proper resolution and to avoid expensive 
computational cost, 0.25 Lf and 0.5 Lf grid sizes in the axial direction are used for the flame and 
leading pressure wave, respectively.  
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Figure 4.2: Adaptive grid structure [95]. 
 
Figure 4.3: Effect of four different flame grid size on the scaled flame tip position [57]. 
Figure 4.3 exhibits the effect of four different flame grid sizes (0.125 Lf; 0.25 Lf; 0.5 Lf; 1 Lf) 
on the scaled flame tip position. Results yield a sufficiently refined grid such that resolution is 
not worse than 5%, and this can be taken as the numerical accuracy of the simulation data 
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according to the resolution tests performed in the previous works [57, 97]. In all the following 
simulation runs, 0.25 Lf flame grid size is used.   
4.2.3 Concentration Distribution Functions 
The four distributions considered are presented in Fig. 4.4. First, the uniform coal dust 
concentration distribution, Fig. 4.4(a), is employed, which provides a base model for the 
computational platform. Subsequently, three non-uniform distributions along the channel as 
functions of the radial coordinate are considered. In the case of linear coal dust concentration 
distribution, Fig. 4.4(b) has the maximum dust concentration, ,maxs sc c= , at the bottom of the 
channel and no dust at the top of the channel.  
 
Figure 4.4: Schematic of the different coal dust concentration distributions:  
(a) homogenous; (b) linear; (c) cubic and (d) parabolic [31]. 
 
By applying the boundary conditions on the linear gradient of non-uniform dust distribution, 
one ends up with the following function: 
,max 1 2s s
xc c
R
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.         (4.11) 
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A cubic coal dust concentration distribution, Fig. 4.4(c), is also considered 
3
,max 1 2s s
xc c
R
⎡ ⎤⎛ ⎞= −⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦
,         (4.12) 
and a parabolic one, Fig. 4.4(d), 
2
,max 1 4 2s s
x Rc c
R
⎡ ⎤−⎛ ⎞= −⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦
,        (4.13) 
where the maximal dust concentration is attained along the centerline, and it is zero (no dust) 
along the bottom and top of the channel. With x = 0, all Eqs. (4.11) – (4.13) obviously yield 
,maxs sc c=  as in Fig. 4.4(a). As pointed out in Sec. 3.1, these dust concentrations distributions do 
not have the same averaged concentration across the cross section. For example, the linear 
concentration variation is half of the homogenius one, the cubic concentration variation has a 
larger averaged concentration than linear variation, and parabolic concentration variation is 
between linear and cubic variations. 
  
4.3 Results and Discussion 
The present simulations consider lean ( φ = 0.7 ) methane/air/coal dust combustion, which is 
relevant to the practical reality [27, 31]. Additionally, a small particle radius, 10 µmsr =  with a 
concentration of 120g/m3, providing an effective equivalence ratio promotion due to fast 
pyrolysis ability, is used. The laminar flame speed for the given equivalence ratio,  φ = 0.7 , in the 
absence of dust particles was taken as  SL = 0.169 m/s [62]. This value provides realistically slow 
flame propagation as compared to the speed of sound (the flame Mach number is 
 Ma = SL / co = 4.87 ×10
−4 ). In fact, this flame velocity can be calculated using Eq. (2.44), see Sec. 
2, with 0sc =  or 0sr = . The thermal expansion in the burning process is taken as  Θ = 6.11 , 
which is related to methane/coal particle burning for the given equivalence ratio,  φ = 0.7  as 
shown in Table 2.2. The standard (“room”) initial pressure and temperature are taken as 
 P0 = 10
5  Pa  and  T0 = 300K , respectively. The dynamic viscosity and the Prantdl number were 
taken as ζ =  1.7 ×10
−5  Ns/m2 and Pr = 1.0, respectively, with the Lewis number being 
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 Le = Pr/ Sc=1 . The gas phase is considered to be an ideal gas,  P = ρRuT / M , with a constant 
molecular weight M = 2.9×10
−2  kg/mol . The activation energy was chosen as  
Ea = 56RuTf .  
The flame dynamics are conventionally characterized by the flame Reynolds number  
Re
Pr
mean
L
f
RS R
Lν
= = ,         (4.14) 
where 58.65 10 mfL
−= ×  and R is the channel half-width. It was shown that the effect of non-
uniform dust distribution becomes substantial when the channel width is no less than 24 Lf, so 
this value of Re = 24 is used in the present simulations [31].  
Figures 4.5 and 4.6 compare the characteristics of the accelerating flames for different dust 
distributions. Specifically, Fig. 4.5 shows the velocity of the flame position at the centerline,  SL , 
scaled by  SL , versus the scaled time, RSt meanL /,=τ . First of all, it observed that the parabolic 
dust distribution moderates flame acceleration when compared to a homogeneous case. 
However, the most important observation is a sudden jump of the flame velocity, around 
~ 0.25 0.4τ − , for the homogeneous, linear and cubic distributions. Indeed, the flame velocity 
grows almost by an order of magnitude for methane/air/dust combustion. At the center, flame 
velocity increases, but later on it decreases and again increases. The answers for such behavior 
will be addressed later in this section through the analysis of the flame evaluation snapshots. 
Also, the plots for the linear and cubic distributions closely resemble each other, except for a 
minor quantitative deviation. The case of no dust is also presented, which showed similarity with 
the homogeneous distribution.  
However, to have a more informative knowledge on the flame propagation and acceleration 
of all distributions, the evolution of the scaled flame front surface area,  Aw / 2R  is investigated 
as presented in Fig. 4.6. The growth of the flame surface area promotes its velocity. In the case 
of a parabolic distribution, the lower flame surface area mitigates flame acceleration as depicted 
in Fig. 4.5. Initially, growth of the flame surface increases in a similar fashion for homogeneous, 
linear and cubic. Later, around ~ 0.4τ , the growth of the flame surface becomes much stronger 
for linear and cubic distributions as compared to the homogenous one. As a result, the higher the 
flame surface area, the faster the flame propagates and accelerates, or vice versa.  
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Figure 4.5: The scaled flame velocity at the centerline Uc / SL versus the scaled time t SL / R 
for various coal dust concentration distributions. 
 
Figure 4.6: The scaled flame surface area Aw / 2R versus the scaled time t SL / R for various 
coal dust concentration distributions. 
 Which mechanism is responsible for such a trend? To answer this question, the evolution of 
the flame shape is investigated for all distributions at identical time instants, as shown in Fig. 4.7. 
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The no dust case is also presented. Here, the colors characterize the temperature variation. For all 
simulation runs, the flame was initiated in the form of an initially planar front propagating in a 
semi-open channel, from its closed end to the open one; see Fig. 4.7(a). Subsequently, the flame 
front becomes corrugated due to wall friction, thus generating a non-uniform flow velocity field.  
 For the homogeneous distribution, the formation of a trough is observed, which gets deeper 
with time. Later, the central segment of the flame accelerates faster than the upper and lower 
ones; see Fig. 4.7(d). At the end, only a shallow trough is visible. The origin of the trough may 
be attributed to the DL instability allowable by 24Re =f  [17, 31]. A similar trough formation is 
observed for the case of no dust particles at the later stages, Fig. 4.7(d-e), however trough 
formation is significantly weaker as compared to the homogeneous distribution. It is noted that a 
non-uniform distribution of dust particles makes the shape of the flame front much more 
intriguing. Specifically, the linear and cubic distributions lead to the formation of an asymmetric 
flame front, due to a higher concentration of the combustible particles in a lower half of the 
channel. Acceleration is strong in the lower branch in all directions so that it catches the upper 
part later on. The snapshots of the flame evolution show that the trough formation, and a loss of 
symmetry of the flame front, originates in the region close to the flame cusp. At the end of the 
simulations, a smooth but still non-symmetrical flame front shape is observed for the linear and 
cubic concentration distributions. While the linear and cubic cases resemble each other, the 
linear distribution triggers the flame acceleration slightly more than the cubic distribution.    
Regarding the effect of the parabolic dust concentration distribution, the dense combustible 
particles are distributed through the center of the channel while their concentration decreases 
towards the upper and lower sidewalls. After the ignition of the fuel mixture, an intrinsically 
unstable flame front attempts to generate a trough. However, the dust particles located at the 
centerline promote the flame velocity locally, and thereby prevent through formation. In other 
words, the parabolic dust concentration distribution stabilizes an intrinsically instable flame front 
similar to Huygens flame stabilization principle. Consequently, the increase in the flame surface 
area appears slower, thereby moderating flame acceleration as compared to other distributions 
considered. 
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Figure 4.7: Temperature snapshots at time:τ =0 (a), 0.15 (b), 0.27 (c), 0.36 (d) and 0.61 (e). 
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5. Conclusion  
This dissertation focused on the interplay between combustion instabilities, and combustible 
and/or inert coal dust impurities and their influence on the processes of flame acceleration and 
detonation triggering. It also analyzes how local variations of the flame properties can control the 
flame morphology and dynamics. Through analysis of a deflagration regime, the aim is to 
develop a predictive scenario for a methane/air/dust fire, and to refine the safety standards in the 
coalmining industry. The latter is exceptionally important for West Virginia (and all mining 
related states and countries), where a large portion of the state economy is based on coal mines. 
This thesis has undertaken a step towards developing a predictive quantitative scenario of 
burning accidents in coal mines.  
For this purpose, the analysis of globally-spherical expanding corrugated flames was 
combined with the finger flame formulation (Section 2). The study considered both the 2D- 
planar (Sec. 2.1.1), and the cylindrical-axisymmetric (Sec. 2.1.2) geometries. A higher flame tip 
velocity and, thereby stronger acceleration, were attained in the cylindrical geometry when 
compared to a 2D-planar one. While it is methane that typically explodes in coal mines, propane 
burning is also considered herein, for comparison. Starting with purely gaseous combustion (Sec. 
2.1 and 2.2), analysis later extended to the coal-dust/gas environments (Sec. 2.3) by means of the 
Seshadri formulation [30] for the unstretched laminar flame velocity. In this respect, combustible 
(i.e., coal) and inert (i.e., sand) dust particles of various concentrations (0-300 g/m3) and sizes 
(10-75 µm), as well as their combination, are investigated. It is noted that the small particles, of 
radius 10 µmsr = , combustible or inert, influence flame spreading noticeably more strongly than 
the larger particles, of radius 75 µmsr = . The instantaneous flame tip velocity grows with the 
concentration of the combustible dust as long as the concentration does not exceed 250 g/m3. In 
contrast, the flame velocity monotonically decreases with the concentration of the inert dust. In 
particular, for a given particle size 25 µmsr =  and equivalence ratio  φ = 0.7 , the increase or 
decrease in the concentration does not impact the flame velocity due to a balance between the 
effects of the equivalence ratio and the heat sink.  
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The evolution and velocity of the tip and skirt of the flame front as well as the locus and 
timing of a potential detonation onset have been predicted and quantified as they are key stages 
and characteristics of coal mine burning. The timing for each stage, as well as the flame shapes, 
propagation speeds, acceleration rates, run-up distances and flame-generated velocity profiles 
were identified. Specifically, in the event of an accidental ignition in a coal mine, first, an 
embryonic flame develops from a smooth hemispherical/hemi-circular kernel to a globally-
spherical/cellular (corrugated) structure. This occurs due the Darrieus-Landau flame instability, 
and the process is accompanied by self-similar flame acceleration. Subsequently, such a cellular 
flame acquires a finger-like shape, exhibiting strong acceleration, of short duration, until a flame 
skirt contacts a passage wall. In particular, in a 2D geometry, no detonation is predicted for 
methane combustion, while in the case of propane, the detonation may occur for near-
stoichiometric, slightly fuel-rich burning, with equivalence ratios in the range 1 ≤ ϕ ≤ 1.2. For the 
cylindrical geometry, this range varies as 0.9 ≤ ϕ ≤ 1.2 for methane and 0.8 ≤ ϕ ≤ 1.3 for 
propane. The entire acceleration scenario may promote the total burning rate by up to two orders 
of magnitude, to near-sonic flame velocities. Such fast flame spreading can constitute to a 
tremendous disaster, especially in enclosed areas with limited space, such as coal mines. 
Moreover, in addition to the direct disaster of such a fast flame, it may facilitate the deflagration-
to-detonation transition (DDT), thereby leading to additional hazards such as the spread of strong 
shock waves putting personnel and equipment at risk. In most cases, shock waves are the cause 
of the majority of fatalities in coal mines. 
In Sec. 2.4, the incompressible theory of methane/air/dust flame acceleration in a coal 
mining passage is revisited by incorporating the effect of gas compression into the analysis, and 
the original incompressible formulation is thereby validated. It is shown that gas compression 
moderates flame acceleration, and its impact depends on the type of the fuel, geometry and 
various thermal-chemical parameters. The relative role of gas compression is quantified for a 
variety of parameters such as φ , sr , dc , and it appeared to be stronger for dusty-gaseous 
environments when compared to purely gaseous combustion. 
As a result, in Sec. 2.5, the intrinsic accuracy of the formulation is identified for a given set 
of parameters. Specifically, moderation of flame acceleration, due to gas compression, is more 
effective in stoichiometric mixtures, such that the decrease in the maximal flame tip position 
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Ztip twall( )  varies in the range 43~69% for methane- and propane/air flames. This moderation is 
relatively minor for the lean ( 0.63φ = ) and rich ( 1.4φ = ) mixtures, being 5–22% and 15–47%, 
respectively. It is also noted that while flames accelerate faster in a cylindrical geometry, 
moderation of acceleration due to compressibility is also larger in this geometry than in a 2D 
case. Furthermore, in contrast to the incompressible predictions, such moderation reduces the 
flame tip velocity ( )tip wallU t  far beyond the sound speed irrespective of the type of a fuel, 
equivalence ratio, and geometry.  
The analysis is then extended from gaseous to gaseous-dusty combustion. Specifically, both 
combustible and inert dust particles, as well as their combination are considered, and it is shown 
how the particle size and concentration influence the flame dynamics and compressibility effect. 
Namely, the role of compressibility is stronger for small particles, 10 µmsr = , when compared to 
that with 75 µmsr = . Although when compared to the particle size, the particle concentration is 
less sensitive to the effect of gas compression, it is noted that the role of compressibility 
strengthens with the increasing concentration of the combustible particles. In contrast, the effect 
of compressibility decreases with an increase in the concentration of the inert particles. 
Both incompressible and compressible analytical formulations in Sec. 2 are steps towards 
the comprehensive coalmining fire evolution scenario, with some factors left beyond the study. 
Namely, the present analysis is conceptually laminar, while a real fire flame in a coal mine is 
presumably turbulent. The role of turbulence may potentially be incorporated into the present 
formulation by replacing the planar flame speed  SL  by the local turbulent burning velocity  ST , 
with the ratio /T LS S  obtained analytically, phenomenologically, from an experiment, or 
computationally from a relevant turbulent flame speed model. On the other hand, the fire 
evolution maybe influenced, positively or negatively, by the different motions of dust particles. 
In particular, this may lead to a non-uniform distribution of the dust concentration and thereby 
spatial and/or temporal variations of the local thermal-chemical parameters such as the 
equivalence ratio and the laminar burning velocity. In fact, this is indeed the case in coal mines 
where the coal dust distribution is typically non-uniform, and a steady dense coal dust layer may 
spread through the bottom of the passage.  
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In Sec. 3, spatial variations of laminar flame speed  SL  are studied to account for the 
potential impacts of pressure/temperature variations as well as the non-uniform distribution of 
the equivalence ratio and/or of combustible or inert dust impurities as a general fundamental 
work. To do this, various spatial distributions (constant, linear, parabolic and hyperbolic) of the 
planar flame speed  SL  are incorporated into the theory of flame acceleration due to a finger-like 
flame shape. Revisited formulae for the flame skirt and the flame tip are obtained for both the 
2D-planar, Sec. 3.1.1, and cylindrical-axisymmetric, Sec. 3.1.2, cases. These results are 
presented and compared in Sec. 3.2. It is demonstrated, qualitatively and quantitatively, that the 
geometry influences the flame acceleration mechanisms. Specifically, in the axisymmetric 
geometry a flame accelerates faster when compared to the 2D one for all flame speed 
distributions considered, including the  SL = SL
0 = const  case. In summary, the concept of spatial 
variation of the unstretched laminar flame speed  SL  can moderate or promote the global flame 
acceleration mechanism. Indeed, different imposed  SL - functions may provide different 
controlling strategies to mitigate flame acceleration. As a result, imposing various  SL - 
distributions can potentially appear a useful tool to control flame acceleration. In this 
dissertation, this new research direction is initiated by imposing the linear, parabolic and 
hyperbolic spatial  SL - distributions and comparing them to each other and to the uniform one. 
As stated earlier, practical applications include, in particular, the methane/air fire safety issues in 
coal mines with dusty atmosphere.  
Section 4 is devoted to flame propagation in a combined gaseous-dusty environment with 
non-uniform coal dust concentration distributions by means of the computational simulations for 
a particular set of parameters. While a parametric study can be conducted easily by means of 
analytical studies, a computational study can provide a more detailed analysis of physical 
mechanisms that may not be described by analytical studies. The numerical approach employs a 
finite-volume, Navier-Stokes code, updated for parallel computations and solving for the 
reacting flow equations with fully-compressible hydrodynamics, transport properties, and 
Arrhenius chemical kinetics as described in Sec. 4.2. Specifically, flame acceleration due to wall 
friction is analyzed for the linear, parabolic and cubic coal dust concentration distributions; the 
similarity and differences in the evolutions of the flame morphology and velocity in each of 
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these cases as well as in the case of purely gaseous combustion are identified in Sec. 4.3. It is 
shown that a non-uniform dust distribution may result in an extra distortion or local stabilization 
of the flame front, which respectively increases or decreases the total surface area of the flame 
front, thereby promoting or moderating the flame acceleration scenario. At the end of the 
analyses, it can be concluded that the effect of different concentration distributions 
(homogenous, linear, cubic and parabolic) has a stronger effect on the morphology and dynamics 
of flame evolution when compared to the effect of concentration distributions with the same 
average concentration across the cross section.  In a future study, one can investigate the later 
stages of flame acceleration due to wall friction, which may provide other significant insights. 
Moreover, the effect of the particle radius, concentration and different distribution functions can 
also be examined in a set of parametric simulations. It would also be interesting to investigate the 
effect of inert particles and their distributions. While the reader may expect some validation of 
the provided computational platform, unfortunately, to the best of my knowledge no suitable 
experimental studies exist at the moment, and it is hoped that the present dissertation will 
provide a good platform for more elaborated experiments for combustion of non-uniformly 
distributed coal particles in a gaseous mixture.  
Consequently, it is believed that the present dissertation will provide a considerable physical 
insight not only for the understanding of accidental coal mine flames but also for applications 
associated with the controlling combustion strategies.  
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